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A mosaic of images collected as the MESSENGER spacecraft 
viewed Mercury obliquely on approach on 6 October 2008. 
The Rembrandt impact basin, 715 kilometers in diameter, 
is seen at the center as night falls across its eastern edge. 
Results from the flyby are discussed in four Reports 


page 606 and a Perspective on page 597. 


Image: NASA/ohns Hopkins University Applied Physics 
Laboratory/Arizona State University/Carnegie Institution 


Published by AAAS 


601 


602 


603 


1 MAY 2009 


page 580 


page 593 


A Glassy State of Supersolid Helium 


J. Saunders 


>> Reports pp. 631 and 632 


Complicated Supercomplexes 
D. M. Livingston 


Avoiding Unintended Toxicity 
T. E. Golde and T. L. Kukar 
>> Report p. 639 


CONTENTS continued >> 


DEPARTMENTS 

565 ‘This Week in Science 
568 Editors’ Choice 

570 = Science Staff 

571 Random Samples 
663 New Products 

664 Science Careers 


CONTENTS 


BREVIA 


605 


Neural Mechanisms of a Genome-Wide 
Supported Psychosis Variant 

C. Esslinger et al. 

A genetic polymorphism associated with 
schizophrenia conveys a risk for abnormal 
connectivity between brain regions. 


REPORTS 


606 


610 


613 


618 


622 


626 


562 


MESSENGER Observations of Magnetic 
Reconnection in Mercury's Magnetosphere 
J. A. Slavin et al. 

Mercury's magnetosphere responds more 
strongly to the influence of the Sun’s 
magnetic field than does Earth’s 
magnetosphere. 
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MESSENGER Observations of Mercury's 
Exosphere: Detection of Magnesium and 
Distribution of Constituents 

W. E. McClintock et al. 

High-resolution observations of Mercury's 
exosphere reveal different spatial distributions 
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The Evolution of Mercury’s Crust: 

A Global Perspective from MESSENGER 
B. W. Denevi et al. 

Data from the Mariner 10 and MESSENGER 
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Mercury's surface is volcanic in origin. 


Evolution of the Rembrandt Impact Basin 
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T. R. Watters et al. 
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represents an intermediate stage of filling 
by volcanic plains. 


High-Frequency Holocene Glacier 
Fluctuations in New Zealand Differ 
from the Northern Signature 

J. M. Schaefer et al. 
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M. H. Schweitzer et al. 
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80-million-year-old hadrosaur support the 
dinosaur-bird relationship. 
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P. W. Anderson 
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B. Hunt et al. 

A new theoretical argument and a study 
of the temperature-dependent relaxation 
dynamics of helium show that defects 
may play an important role in describing 
its supersolid behavior. 
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Competition for Light Causes Plant 
Biodiversity Loss After Eutrophication 

Y. Hautier et al. 

A few species take advantage of fertilizer 
to grow fast, shade out competitors, and 
reduce the number of species in grassland. 


y-Secretase Heterogeneity in the Aph1 
Subunit: Relevance for Alzheimer’s Disease 
L. Serneels et al. 

Targeted knockout of only part of the 
y-secretase complex lessens toxicity 

and still improves disease phenotypes. 
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movement sleep. 
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and circadian rhythms in mouse cells. 

>> Perspective p. 598 


VOL 324 SCIENCE www.sciencemag.org 


Published by AAAS 


page 599 & 622 


page 659 


A Cytidine Deaminase Edits C to U 

in Transfer RNAs in Archaea 

L. Randau et al. 

A nonconventional cytosine is edited out 

to allow a functional transfer RNA structure 
to form. 


A Yeast Hybrid Provides Insight into the 
Evolution of Gene Expression Regulation 
|. Tirosh et al. 

Gene expression between species of yeast 
may diverge, but recombination rewires 
their offspring into vigorous hybrids. 
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<< Shedding Light 
on a Problem 


Human activities—mainly the application of 
fertilizers to farmland—have increased the 
availability of nutrients in terrestrial and 
aquatic ecosystems. In grasslands, nutrient 
enrichment reduces plant species diversity, 
but the mechanisms underlying this loss of 
biodiversity remain unclear. Hautier et al. 
(p. 636) use an experimental manipulation, 
addition of supplementary light to the grass- 
land understory, which supports the idea that 
competition for light is the major mechanism 
of plant diversity loss. 


MESSE NG E R from Mercu ry years in which we now live, which represents a behavioral differences between samples have 


The spacecraft MESSENGER passed by Mercury in baseline to which contemporary climate change raised many questions (see the Perspective by 
October 2008, in what was the second of three fly- | can be compared. Schaefer et al. (p. 622; see Saunders). Hunt et al. (p. 632) present a com- 
bys before it settles into the planet's orbit in 2011. | the Perspective by Balco) present a chronology prehensive study of the relaxation dynamics of 
Another spacecraft visited Mercury in the mid- of glacial movement over the last 7000 years in the torsional oscillator system as a function of 
1970s, which mapped 45% of the planet's sur- New Zealand, which they compare to similar time and temperature. The data provides evi- 
face. Now, after MESSENGER, only 10% of Mer- records from the Northern Hemisphere. Clear dence for a “supersolid glass,” where glassy 
cury’s surface remains to be imaged up close. differences are observed between the histories of | behavior of crystal dislocations and superfluidity 
Denevi et al. (p. 613) use this near-global datato | glaciers in the opposing hemispheres, which may | can coexist. In a separate theoretical study, 
look at the mechanisms that shaped Mercury's be owing to regional controls. Thus, neither of Anderson (p. 631) argues that supersolidity 
crust, which likely formed by eruption of magmas two popular arguments—that the hemispheres ought to be a ground state for all bose solids, 
of different compositions over a long period of change in-phase or that they change in an anti- but that defects in the sample may mask the 
time. Like the Moon, Mercury's surface is dotted phased manner—appear to be correct. supersolid signature. 
with impact craters. Watters et al. (p. 618) 
describe a well-preserved impact basin, Rem- . T ti [ | t 
Z brandt, which is second in size to the largest Th e Bi rds an d actical large 
3 known basin, Caloris. Unlike Caloris, Rembrandt is : my 2 Intramembrane proteolysis by the y-secre- 
= not completely filled by material of volcanic origin, the Di NOSaurs tase complex is important during develop- 
a preserving clues to its formation and evolution. It The extent to which primary tis- ment and in the pathology of Alzheimer’s 
6 displays unique patterns of tectonic deformation, sues are preserved in ancient fos- disease. y-Secretase has usually been con- 
& some of which result from Mercury's contraction as | sils remains controversial. sidered as a homogeneous activity. 
2 its interior cooled over time. Mercury's exosphere Schweitzer et al. (p. 626; see the Serneels et al. (p. 639, published online 
@ and magnetosphere were also observed (see the news story by Service) describe 19 March; see the Perspective by Golde and 
= Perspective by Glassmeier). Magnetic reconnec- well-preserved tissues and pri- Kukar) now show that the Aph1B compo- 
8 tion is a process whereby the interplanetary mag- mary collagen sequences from the nent of the y-secretase complex is responsi- 
ei netic field lines join the magnetospheric field lines | femur of an 80-million-year-old ble for the generation of long B-amyloid 
fe and transfer energy from the solar wind into the hadrosaur. The fossil preserved species involved in Alzheimer’s disease. In a 
& magnetosphere. Slavin et al. (p. 606) report structures resembling primary mouse model of Alzheimer’s disease, full 
& observations of intense magnetic reconnection 10 bone tissues and vessels. Both extracts and tissue knockout of Aph1B improved disease phenotypes, 
= times as intense as that of Earth. McClintock et al. | pieces were analyzed in multiple laboratories by without the sort of toxicity previously observed 
< (p. 610) describe simultaneous, high-resolution mass spectrometry, which revealed ancient colla- when targeting y-secretase more generally. 
ti measurements of Mg, Ca, and Na in Mercury's gen sequences that support a close relation 
z exosphere, which may shed light on the processes between birds and dinosaurs. ‘ ‘ ‘ 
Zz that sens and maintain the exosphere. Si ng le-Cell Brai n Switchi ng 
: Gl lik S lid Different behavioral states of an animal are char- 
ev iff z ASSUKE SU perso I acterized by distinct patterns of global brain 
a Vive La Di crerce Recent experiments with solid helium confined activity. For example, slow-wave sleep is associ- 
2 How closely do climate changes in the Northern to the ring of a torsional oscillator at extremely ated with membrane potential transitions in cor- 
2 and Southern Hemispheres resemble each other? | low temperatures have been interpreted in terms | tical neurons and high-amplitude, low-frequency 
5 Much discussion has concentrated on the of an exotic supersolid phase—a crystalline solid 
5 Holocene, the warm period of the past 11,500 that somehow flows like a superfluid. However, Continued on page 566 
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local field potential and electroencephalogram signals. In contrast, during rapid—eye-movement sleep 
and wakefulness, low-amplitude, high-frequency cortical activity dominates with neuronal membrane 


Science potentials fluctuating around a depolarized level. Li et al. (p. 643) asked whether action potentials in 


Translational a single neuron can change global network activity. In a series of in vivo single-cell stimulation experi- 
Medicine 


ments, using intracellular stimulation via a whole-cell patch pipette, a brief episode of intracellular 
stimulation switched brain states. 


Dieter's Dilemma 


The ability to exercise self-control is central to human success and well-being. However, little is known 
about the neurobiological underpinnings of self-control and how or why these neural mechanisms 
might differ between successful and unsuccessful decision-makers. Hare et al. (p. 646) used brain 
imaging in a dieting population undergoing real-life decisions between a healthy or a tempting, yet 
nutritionally inferior, choice of food. Activity in the ventromedial prefrontal cortex correlated with the 
value of the stimulus, termed goal value. Importantly, this activity integrated both health and taste 
values in individuals who were able to exert self-control in their choices, while reflecting only taste in 
those unable to exert self-control. 
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AAAS, publisher ofthe In plants, it is not clear whether heritable changes can be induced by tis- 
world s leading general science sue grafting—for example, when one plant is grafted onto a different 
oo ree S oe root stock. Stegemann and Bock (p. 649) now show that genetic mate- 

Srey ey OU rial is transferred between plants across graft junctions. This suggests 

Pp g 99 
Science Translational Medicine, : ; ie : haere, 
: that eukaryotic cells can indeed exchange genetic information, and in this 
in the fourth quarter of 2009. 3 : ‘ : 
way, grafting allows genes to cross species barriers. Although the exchange is 

The journal’s mission is to facilitate limited to the site around the graft, the finding blurs the boundary between natu- 
communication and cooperation among ral gene transfer and genetic engineering techniques and suggests that natural grafting may serve as 
basic and preclinical researchers, a mechanism of horizontal gene transfer during evolution. 
physician scientists, regulators, policy 


makers, industry, and funding agencies 
in order to improve health around the 


world. It will present original, science- Ci (Ca d 1 an Osci \lati ons 

based peer-reviewed research that . : F “ ; ; 

successfully moves the field closer The 24-hour day-night cycle plays an important role in mammalian physiology and behavior and, as 

to helping patients. Perspectives and most travelers are well aware, there is an intimate link between our in-built circadian clocks and meta- 
reviews from basic and clinical view- ;  specaueeads : q 
points along with discussions about bolic rhythms. This link is in part forged by the protein deacetylase SIRT1, which regulates the clock’s 
research funding and regulatory molecular circuitry. SIRT1 uses as a cofactor the cellular metabolite NAD*, which is synthesized through 
issues will be included. a salvage pathway that includes the enzyme nicotinamide phosphoribosyltransferase (NAMPT) (see the 
With Science Translational Medicine, Perspective by Wijnen). Ramsey et al. (p. 651; published online 19 March) and Nakahata et al. (p. 654, 
vol eaves pect mie ain evelat published online 12 March) now show that NAMPT and NAD* levels oscillate during the daily 24-hour 
breakthrough research that is the eae ' ‘ eae ‘ 

hallmark of the journal Science. cycle and that this oscillation is regulated by the circadian clock. Furthermore, the oscillations in NAD* 
The journal is edited by Katrina modulate the activity of SIRT1 feeding back into the circadian clock. 

L. Kelner, Ph.D. Elias A. Zerhouni, 

M.D., heads an international 

advisory group of clinician scientists . . 

and other experts. Edited Information Flow 

The editors are now accepting RNA is generally a faithful mirror of the information encoded in DNA. However, posttranscriptional RNA 
manuscripts. Be one of the first to editing is a widespread phenomenon that can result in a translated protein differing from its gene code. 
be considered for publication in the i ; : ae : : 
inaugural issue! www.sciencemag.org/ A class of deaminase enzymes related to human APOBEC (apolipoprotein B editing complex protein) edit 
marketing/stm/papers.dtl adenosines in eukaryotes. Randau et al. (p. 657) have discovered an addition to this enzyme family in 
For information contact the editors prokaryotes that edits cytosine to uridine at the highly conserved and structurally critical position 8 in 
at scitransimededitors@aaas.org the majority of transfer RNAs of the hyperthermophilic archaebacterium Methanopyrus kandleri. 
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Gene Expression in Hybrids 


A large proportion of genes differ in their expression patterns between closely related species, and 


Telaiionel this divergence is believed to be an important driver of phenotypic evolution. However, little is known 
Medicine about the genetic basis of this divergence. Tirosh et al. (p. 659) use allele-specific expression profil- 
MVAAAS ing of two yeast species and their hybrid to identify which genes diverged in expression owing to 
changes in their genomic loci (cis) and which genes diverged owing to changes in their regulators 
www.ScienceTranslationalMedicine.org (trans). The data can be used to explain the distinct gene expression pattern observed in the hybrid. 
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| EDITORIAL 


Science in the White House 


THE U.S. PRESIDENT’S SCIENCE ADVISOR—OFFICIALLY, THE ASSISTANT TO THE PRESIDENT FOR 
Science and Technology (S&T)—has the daunting task of providing accurate and timely input to 
the president, the vice president, and their senior advisors on the full range of S&T topics that bear 
on the policy challenges facing the nation, from economic recovery to national security to environ- 
mental sustainability. Besides these “S&T for policy” responsibilities, moreover, “policy for S&T” 
must be attended to: helping craft the S&T budgets for the executive-branch departments and 
agencies that support much of the country’s R&D; partnering with the Domestic Policy Council 
and the Department of Education in efforts to strengthen science, technology, engineering, and 
mathematics (STEM) education; enhancing the capabilities and diversity of the science and engi- 
neering workforce; ensuring coordination and cooperation among the numerous governmental 
S&T initiatives that involve multiple agencies; advancing appropriate forms of international S&T 
cooperation; promoting openness, transparency, and scientific integrity in 
the conduct of the nation’s S&T business; and more. 

This wide array of responsibilities far exceeds the capabilities of any 
one person, of course. Fulfilling them requires the joint efforts of the White 
House Office of Science and Technology Policy (OSTP), which is directed 
by the science advisor and, at full strength, has some 60 staff members, 
including four Senate-confirmed associate directors; the President’s Coun- 
cil of Advisors on Science and Technology (PCAST), a group coordinated 
by OSTP that will include about 20 senior figures from the business, aca- 
demic, and nongovernmental organizations who advise the White House; 
and the National Science and Technology Council, which is chaired by the 
president and includes the heads of all of the executive-branch depart- 
ments, agencies, and offices with substantial S&T roles. Adequately 
addressing all of the demands that arise in the White House in the domains of S&T for policy and 
policy for S&T also requires intensive engagement of the wider science, engineering, and innova- 
tion communities (as emphasized by President Clinton’s second-term science advisor, Neal Lane, 
on this page last month). Much of that engagement is facilitated by the U.S. National Academies, 
the American Association for the Advancement of Science, and other science and engineering pro- 
fessional societies, but it also entails a good deal of reaching out—by the science advisor, PCAST, 
and the OSTP staff—to individual scientists and engineers for their input. 

I see the top S&T priorities for the Obama administration in terms of four practical chal- 
lenges and four cross-cutting foundations of success in addressing all of them. The practical 
challenges are: bringing S&T more fully to bear on driving economic recovery, job creation, 
and growth; driving the energy-technology innovation needed to reduce energy imports and 
climate-change risks while creating green jobs and competitive new businesses; applying 
advances in biomedical science and information technology together to help Americans live 
longer, healthier lives with reduced health care costs; and ensuring that we have the defense, 
homeland security, and national intelligence technologies needed to protect our troops, citi- 
zens, and national interests, and to verify the old and new arms control and nonproliferation 
agreements that are likewise essential to our security. 

The cross-cutting foundations of success are: increasing the capacities and output of our coun- 
try’s fundamental research institutions, including our great research universities and major public 
and private laboratories and research centers; strengthening STEM education at every level, from 
precollege to postgraduate to lifelong learning; improving and protecting the information, com- 
munication, and transportation infrastructures that are essential to our commerce, science, and 
security alike; and maintaining and vigorously exploiting a cutting-edge set of capabilities in 
space, which must be understood not just as grand adventure and focus for expanding our knowl- 
edge of how the universe works, but also as a driver of innovation and a linchpin of communica- 
tions, geopositioning technology, intelligence gathering, and Earth observation. 

It is a lot to get done. But led by a president who deeply grasps the importance of S&T to our 
national goals and who is putting scientists, engineers, and innovators back into the center of what 
the executive branch does, “Yes, we can.” —John P. Holdren 
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ASTRONOMY 


A Stellar Future Ahead? 


Barnard 68 is a dark molecular cloud about 400 light years away 
from Earth. It contains mostly molecular hydrogen mixed with 
other molecules and dust grains in such high concentrations as 
to render it completely opaque at optical wavelengths. Stars 
are thought to be born in dark, cold places such as this. Yet 
Barnard 28 is still starless; before a star can form within the 
core, it needs to contract under the force of gravity for a 
period sufficient to ignite nuclear fusion. There is contradic- 
tory evidence as to whether Barnard 68 is still stable or 
already in a very early phase of gravitational collapse. Burk- 
ert and Alves now argue that Barnard 68, far from being a sta- 
ble, isolated molecular cloud, is colliding with another, smaller 
cloud, as suggested by its asymmetric and distorted shape. Their 
numerical simulations of the collision imply that signs of an 
impending gravitational collapse can already be seen in Barnard 
68, and the cloud should condense into a Sun-like star within the next 


200,000 years. — MJC 


Astrophys. J. 695, 1308 (2009). 


PSYCHOLOGY 
Learning Control at an Early Age 


Adults who try to master a second language 
often never attain the degree of fluency with 
which they converse in their mother tongue. In 
contrast, children usually fare considerably bet- 
ter, and it is not uncommon for the descendants 
of immigrants to 
display profi- 
ciency in the 
parental lan- 
guage as well as 
that of their 
peers. Even more 
impressively, 
infants exposed to 
two languages 
from birth assort 
two distinct 
vocabularies and 
sentence structures while reaching milestones in 
language production as quickly as their monolin- 
gual compatriots. 

Kovacs and Mehler demonstrate that cogni- 
tive control, which is inferred to be needed for 
switching between language representations, 
develops more rapidly in 7-month-old infants 
that have grown up in a bilingual, rather than 
monolingual, household. Both sets of infants 
learned at the same rate to associate auditory 


cues with the visual reward of a gaily-colored 
puppet shown either to their left or their right, 
but only the children of parents with different 
mother tongues (in Trieste, most frequently Ital- 
jan and Slovene) were able to inhibit the learned 
response when the reward location was switched 
and to shift their anticipatory gaze to the other 
side. — GJC 

Proc. Natl. Acad. Sci. U.S.A. 106, 6556 (2009). 


CELL BIOLOGY 
Signals of Stress 


Two papers have identified a signaling function for 
ribonucleases in stress. During times of stress, pro- 
tein synthesis is inhibited via phosphorylation of 
eukaryotic translation initiation factor 2A (elF2A). 
Yamasaki et al. focused on observations that trans- 
lational arrest can occur in cells that express a 
mutant elF2A that lacks the phosphorylation site. 
They found that cells exposed to oxidative stress 
accumulated cleavage products of transfer RNA 
(tRNA). Angiogenin is a secreted ribonuclease that 
has been implicated in tumorigenesis because it 
promotes the formation of blood vessels, and the 
authors found that depleting cells of angiogenin 
inhibited the stress-induced cleavage of tRNA. 
Thus, stressed cells may signal their neighbors by 
secreting angiogenin. 

Yeast cells also cleave tRNA when exposed to 
oxidative stress, and Thompson and Parker have 


identified Rny1 as the ribonuclease responsible. 
Rny1 was released from the vacuole into the 
cytoplasm in response to oxidative stress, and 
overexpression of Rny1 caused apoptosis (cell 
death) in yeast. Nevertheless, Rny1 must do 
more than cleave tRNAs, because mutants that 
lacked catalytic activity could still promote cell 
death. Intriguingly, the human ortholog of Rny1, 
RNASET2, has a tumor-suppressing activity that 
is independent of its catalytic activity. Thus, it 
appears that release of Rny1 from the vacuole 
(analogous to the apoptotic release of 
cytochrome c from mitochondria) both causes 
cleavage of cytoplasmic tRNAs and affects sig- 
naling pathways controlling cell death. — LBR 


J. Cell Biol. 185, 35; 43 (2009). 


APPLIED PHYSICS 
Quantum Phone Calls 


Certain conversations or transactions are 
meant to be private. Yet despite the encryption 
of digital communication in one form or 
another, information theory presents a loop- 
hole whereby such encrypted messages can be 
compromised, if only in principle (in practice it 
may be extremely difficult to do so). Quantum 
mechanics closes that loophole altogether. 
Sharing quantum mechanically—entangled 
photons can provide a secure key with which 
to encrypt and send a message, safe in the 
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knowledge that the message cannot be opened 
by an eavesdropper, at least not without alert- 
ing you to the breach. Chen et al. demonstrate 
a quantum key distribution protocol in a real- 
world application scenario, with the quantum 
key distributed over a network consisting of 
three stations linked by 20 km of commercial 
optical fiber. The generated keys can be used 
immediately in the context of encrypted real- 
time telephone conversations between the sep- 
arated stations. With such a demonstration, 
quantum privacy in your own home may not be 
a too distant prospect. — ISO 

Opt. Express 17, 6540 (2009). 


BIOMEDICINE 
Becoming Androgen-Independent 


Signaling pathways comprising many proteins 
translate extracellular signals into phenotypic 
responses via selective regulation of gene 
expression. Transcription factors interpret the 
signals and, in concert with situational cofac- 
tors, manipulate an appropriate combination of 
genes. In prostate cells, the androgen receptor 
is a transcription factor that promotes distinct 
gene expression patterns in order to regulate 
proliferation, differentiation, and cell survival. 
Xu et al. show that the E3 ubiquitin ligase RNF6 
can modulate the gene expression output pat- 
terns of the androgen receptor by atypical 
polyubiquitination of the receptor. Prostate 


cancer is a leading cause of death in men, and 
current androgen-ablation therapies provide 
only a temporary solution because resistance 
develops rapidly. The authors found that RNF6 
(brown in the image) was up-regulated in hor- 
mone-refractory prostate cancer cells and was 
required for their growth, suggesting RNF6 as a 
potential drug target for the treatment of 
prostate cancer. — HP* 

Cancer Cell 15, 270 (2009). 


*Helen Pickersgill is a locum editor in Science's editorial 
department. 
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CHEMISTRY 
Acid Analysis 


Acids catalyze a wide range of chemical reactions 
by lending a proton to stabilize a particular inter- 
mediate structure. As Macht et al. show, however, 
the sensitivity of chemical rates to catalytic acid 
strength can vary in a subtle and at times surpris- 
ing manner as a consequence of the reaction 
mechanism. The authors specifically compared the 
rate dependence of three reactions—dehydrations 
of 1- and 2-butanol and isomerization of hexane 
to 2-methylpentane—to the varied acid strengths 
of a range of solid acid polyoxometalate and zeo- 
lite catalysts. The overall barriers to reaction 
increased from 2-butanol dehydration to the alkyl 
isomerization, with 1-butanol dehydration effec- 
tively in the middle of the range. However, both 
dehydrations evidenced the same sensitivity to 
acid strength, whereas the alkyl isomerization sen- 
sitivity was roughly three times higher. To account 
for this result, the authors suggest that the concen- 
trated charge distributions in the dehydration tran- 
sition states are stabilized to some extent by conju- 
gate base charge on the catalyst—an effect 
enhanced as acid strength drops—and so the 
overall impact of catalyst acidity is reduced. Con- 
versely, the significance of this electrostatic stabi- 
lizing interaction is diminished for the more dif- 
fuse charge distribution in the isomerization tran- 
sition state, resulting in a more pronounced barrier 
dependence on acid strength. — JSY 

J. Am. Chem. Soc. 131, 10.1021/ja900829x (2009). 


SYSTEMS BIOLOGY 
Ex Vivo Treatment 


Although laboratory experiments are usually 
designed on the basis of pure populations of 
cells, responses within an organism often rely on 
heterogeneous populations. This is certainly true 
of tumor-infiltrating lymphocytes (TILs), which 
are used in adoptive cell transfer for the treat- 
ment of metastatic melanoma. Oved et al. used 
computational approaches to characterize— 
according to a panel of cell surface markers—TIL 
populations isolated from 91 human patients and 
to predict their reactivity to melanoma cells. No 
single marker could accurately predict the anti- 
tumor reactivity of the entire population; how- 
ever, a set of population-based markers predicted 
the anti-tumor reactivity of the population (as 
defined by levels of interferon-y produced) with 
89% accuracy. The authors then took 12 non- 
reactive TIL populations from four other patients 
and succeeded in manipulating the frequencies 
of subpopulations in order to convert the popula- 
tions into a reactive state—hopefully a step 
toward less toxic tumor therapy in vivo. — B] 
Mol. Syst. Biol. 5, 10.1038/msb.2009.15 (2009). 
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Researchers in the United Kingdom are aiming to set up the world’s largest twin registry. 

“We've been developing TwinBank for about a year,” says behavioral geneticist Robert 
Plomin of the Institute of Psychiatry in London, who is working with genetic epidemiologist 
Timothy Spector of King’s College London. 

Apilot study funded by the U.K.’s National Health Service, which has birth records for more 
than 600,000 twins, estimates that at least 300,000 pairs would agree to participate, Plomin 
says. That would outnumber all the world’s other twin registries combined. Determining 
whether twins are monozygotic (identical) or dizygotic (fraternal) “would add tremendous 
value” in studying genetic and environmental contributions to health, he says. 

Plomin and Spector are currently casting around for funding. The Medical Research Council 
decided it couldn't afford the project. The pair estimate that it will cost £12 million to get DNA 
from 300,000 pairs born since 1920. 

“The U.K. TwinBank would expand greatly the number of traits and conditions for which 
such studies could be done,” says Jaakko Kaprio, a leader of the Finnish Twin Cohort Studies at 
the University of Helsinki. For example, it would yield insights into why rare genetically influ- 
enced diseases sometimes hit only one in a pair of identical twins. “Finding enough [identical] 
pairs truly discordant for a trait” is difficult even when there are several tens of thousands of 
twin pairs in a study, Kaprio says. 


marsh—dwelling Arctosa fulvolineata fell into a 
“coma” and survived up to 40 hours of submer- 


Eight-Legged Zombies 


A test of spiders’ resistance to drowning has 
uncovered an unsuspected survival mechanism. 
While timing how long spiders could survive in 
vials of water, arachnologist Julien Pétillon and his 
graduate student at France’s Université de Rennes 
1 left some apparently dead spiders in the lab to 
dry. But upon their return several hours later, 
some of the arachnids were up and moving again. 
To learn more, the researchers 
collected 360 wolf spiders from 
two salt marsh species and one 
forest species and submerged 
them in saltwater for up to 
48 hours, checking on them every 
2 hours. Spiders from two species 
drowned, but 70% of the salt- 
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sion, the researchers reported online 22 April in 
Biology Letters. The adaptation allows them to 
survive during high tide, Pétillon says. The spi- 
ders take about 2 hours to recover. 

Several underwater comalike states have 
been observed in marine animals, such as blue 
crabs and shrimp, in oxygen-poor waters, but 
this is a first for a terrestrial organism, 
Pétillon says. It’s an “interest- 
ing and unexpected adapta- 
tion,” says physiological ecolo- 
gist Kenneth Prestwich of the 
College of the Holy Cross in 
Worcester, Massachusetts. Just 
how the spiders do it remains 
to be discovered. 
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Winners in Medicine 


Two big medical prizes were announced last 
week, honoring discoveries in immunology and 
research on muscular dystrophy. 

Ralph Steinman of the Rockefeller University 
in New York City; Charles Dinarello of the 
University of Colorado, Denver; and Bruce 
Beutler of The Scripps Research Institute in San 
Diego, California, shared the $500,000 Albany 
Medical Center Prize for advancing knowledge 
of the human immune system. Steinman is hon- 
ored for his 1973 discovery of the dendritic cell, 
a type of white blood cell that alerts T-cells to 
mount an immune response against harmful 
invaders. Dinarello and Beutler are cited for work 
uncovering the role of cytokines—signaling 
proteins—in inflammation, which has led to 
therapies for a number of ailments. 

Molecular physiologist Kevin Campbell of 
the University of lowa, lowa City, and geneticist 
Louis Kunkel of Harvard Medical School in 
Boston, are sharing this year’s $250,000 March 
of Dimes Prize for identifying genes and pro- 
teins involved in muscular dystrophy. Their work 
has led to the development of diagnostic tools 
and therapies for nine forms of muscular dystro- 
phy and related muscle-wasting disorders. 


Onward and Upward 


Indian scientists have made major strides both in 
quality and productivity since 2000, according to 
the latest figures from the ScienceWatch tracking 
service (www.sciencewatch.com). The number of 
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papers produced by Indian scientists was more or 
less stagnant from 1985 to 2000 but jumped 
from 17,000 in 2001 to 27,000 in 2007 (see 
chart). Citation rates are also rising across the 
board—more than doubling, for example, in biol- 
ogy and biochemistry. The biggest gains have 
come in the physical sciences, especially materials 
science. Nobuko Miyairi, a consultant at Thomson 
Reuters, which publishes ScienceWatch, calls it 
“noteworthy” that Indian science is “fairly well 
balanced between life sciences and physical sci- 
ences,” because most of the rest of Asia “tends to 
be more heavily focused on ... physical sciences.” 
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INFECTIOUS DISEASES 


As Swine Flu Circles Globe, Scientists 


Obama lays out 
his science plans 


Grapple With Basic Questions 


On 27 April, 6 days after the U.S. Centers for 
Disease Control and Prevention (CDC) first 
reported an unusual swine flu outbreak in 
humans, international agencies were still 
struggling to determine how serious a threat 
the virus posed. “Every new strain of the flu 
virus is unique,” CDC acting Director 
Richard Besser said at a press conference, 
“and until the outbreak has progressed, you 
don’t know what it is going to do.” 

Shortly after CDC rang the alarm bell on 
21 April in a Morbidity and Mortality Weekly 
Report dispatch about two cases of swine flu 
in southern California, scientists and health 
officials around the world went on alert, con- 
cerned that this never-before-seen virus 
could lead to a killer pandemic. They quickly 
determined the genetic sequence of the virus, 
linked the U.S. cases to an apparently much 
larger outbreak in Mexico, and began fash- 
ioning international and local responses. 

“On the bright side, this event was widely 
expected,” says Julio Frenk, the former secre- 
tary of health in Mexico who now heads 
Harvard School of Public Health in Boston. 


In the wake of outbreaks of avian influenza, 
“there have been good efforts to prepare.” 

But others say the world hasn’t done nearly 
enough over the past 10 years to prepare for a 
pandemic. They worry that most countries will 
find themselves without access to vaccines or 
antiviral drugs, which could become espe- 
cially dangerous if the virus causes 
severe disease in many people— 
which is still uncertain—or 
evolves to do so. Some also ques- 
tion why the disease wasn’t recog- Q 
nized as an international emer- 
gency several weeks earlier, which 
might have offered a chance to 
stop it at the source instead of bat- 
tling it around the planet. 

Much confusion surrounds the origins of 
the virus, why it seems to cause severe dis- 
ease in Mexico and not elsewhere, and the 
overall threat it poses to the world. “Right 
now, there’s more unknown than there is 
known,” says microbiologist Francis Plummer, 
who heads the National Microbiology Lab- 
oratory in Winnipeg, part of the Public 
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Covering all bases. Mexico City, the 
hardest hit locale, has taken extra 
precautionary measures to slow 
swine flu’s spread. 


Health Agency of Canada (PHAC) 
and a key player in unraveling the 
Mexican link. 

By 28 April, Mexico had 
connected this swine flu to 152 
deaths (most of which have yet to 
be confirmed). But in the United 
States and Canada, “it doesn’t 
seem to be anything different than 
seasonal flu,” says Plummer. Solv- 
ing that riddle will require tests on 
the suspected cases in Mexico, 
which totaled nearly 2000, to see 
whether they indeed are swine flu. 
But CDC and PHAC—the only 
two labs that initially had all the 
reagents necessary to test for the 
virus—had confirmed a mere two 
dozen cases as the new HIN1 at 
the time. Each had scientists in 
Mexico helping officials build the 
capacity to do the tests themselves. 

As to the virus’s spread, news- 
paper headlines seem to speak vol- 
umes. But what’s needed to predict 
spread, says epidemiologist and disease mod- 
eler Ira Longini of the University of Washing- 
ton, Seattle, is an estimate of the virus’s basic 
reproductive number, or Ro, a variable that 
denotes the number of new infections caused 
by each infected person. Longini and others 
are trying to get their hands on as much data as 
they can from the first outbreak 
clusters to make that estimate. 

The outbreak’s discovery 
underscores the axiom that luck 
comes to those who are prepared. 
Although Mexico began to expe- 
rience an unusually high number 
of hospitalizations with respira- 
tory problems in late March, no 
special investigation took place, 
in part because the cases overlapped with the 
end of flu season. The disease also spared 
young children and the elderly, the two 
groups most vulnerable to severe cases of flu, 
which some researchers say should have trig- 
gered suspicions that an altogether new 
pathogen was responsible. The answer came 
when two respiratory cases, both of which 
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looked like run-of-the-mill flu, came to the 
lab at the Naval Health Research Center 
(NHRC) in San Diego, California, which is 
conducting sophisticated tests for influenza 
as part of other studies. 

Most people who have the flu never see a 
doctor, and the virus is rarely analyzed. But 
the Navy is developing better influenza diag- 
nostics along with CDC’s Border Infectious 
Disease Surveillance project and the Depart- 
ment of Defense’s Global Emerging Infec- 
tions Surveillance and Response System. The 
standard rapid test for influenza determines 
whether the virus is strain A or B. The tests 
under development analyze specific subtypes 
based on two proteins on the viral surface, 
hemagglutinin (H) and neuraminidase (N). 
When the naval lab could not subtype two 
patient samples, they rushed the samples to 
CDC, which had determined by 17 April that 
both were from a novel HIN1 swine flu virus. 

Despite the crush of activity since CDC 
first identified this HIN1, we are still “mak- 
ing decisions with incomplete information,” 
Besser said. Part of the problem is that swine 
flu infections of humans have rarely been doc- 
umented. Virologist Christopher Olsen of the 
University of Wisconsin, Madison, School of 
Veterinary Medicine co-authored a study in 
2007 that found only 50 cases in the biomed- 
ical literature dating back to 1958. During the 
past 12 years, several new influenza geno- 
types surfaced in swine, making for “a very 
confusing picture,” says Olsen. 

Researchers would like to know whether a 
virus must mutate to move from pigs to 
humans and whether, as is the case with bird 
flu in humans, a specific mutation makes it 
more virulent. “There is a feeling that once you 
know the sequence, you know everything 
about a virus, and you really don’t,” says virol- 
ogist Robert Webster of St. Jude Children’s 
Research Hospital in Memphis, Tennessee. 

CDC and PHAC have found that the cur- 
rent HIN1 combines pieces of influenza 
from North American swine and avian 
viruses, with human and swine sequences 
from Europe and Asia. “It’s really a grand 
old mix-up,” says Webster. 

Webster and Olsen also emphasize that 
just because the first cases surfaced in 
Mexico, the outbreak did not necessarily 
originate there. The pig that transmitted the 
virus may have been imported into the 
country, or the first transmission to a 
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human may have occurred elsewhere. 

Early on, CDC began to brew a “seed” 
strain for a possible vaccine against swine 
HIN1, and by 27 April the World Health 
Organization in Geneva, Switzerland, was 
already talking to vaccine manufacturers. One 
key problem is that the world’s influenza vac- 
cine production capacity—which still relies 
on growing the vaccine virus in chicken 
eggs—is limited to some 400 million vaccine 
doses a year and is impossible to expand 
quickly. Manufacturing swine flu vaccine 
would thus come at the expense of seasonal 
vaccine production, says retired pharma exec- 
utive and flu vaccine expert David Fedson, 
and might lead to higher mortality and mor- 
bidity from the three seasonal strains. 

For now, WHO says manufacturers 
should continue preparing vaccine for the 
2009-10 flu season. But that could change 
if swine flu proves particularly severe. 
“We're in a casino now, and we’re placing 
our bets,” says Fedson. 

As to drugs, many countries began stock- 
piling oseltamivir after avian influenza put 
the pandemic threat on the political agenda in 
2003. Individual governments, mostly in 
Western countries, have at least 220 million 
treatment courses in stock, says Martina 
Rupp, a spokesperson for Roche, the main 
producer of Tamiflu. Roche could ramp up its 
production capacity to some 400 million 


Déja vu. A hospital worker in Singapore, a country 
hit hard by SARS in 2003, stands ready to assess 
patients with respiratory illnesses. 
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From pigs to people. Swine flu has occasionally 
jumped the species barrier before but was never 
known to transmit easily between humans. 


treatment courses annually fairly rapidly, she 
says; in addition, there are at least 10 generic 
manufacturers, four of them working under 
license from Roche, that produce oseltamivir. 
But the drug’s complex manufacturing 
process makes it too pricey for many poor 
nations, says Fedson. 

Both CDC and WHO have made clear 
that the careful plans developed over the 
past 5 years to squelch pandemics at their 
source don’t play a role at all now because 
the virus is already too widely dispersed. In 
papers published in 2005 in Science and 
Nature, scientists concluded that it might be 
possible to stop a budding pandemic locally 
by aggressive, targeted use of antivirals and 
measures such as shutting down transport 
and schools. WHO had stashed away some 
5 million treatment courses of oseltamivir 
that could be used to that end. 

The scenario might have worked for 
swine flu, says Longini—if it had been tried 
much earlier. “There were 800 or 900 [sus- 
pected] cases before it hit the global radar 
screen; that’s way beyond a containable out- 
break,” Longini says. 

Why it took so long to garner attention has 
many scientists puzzled. John Brownstein, the 
director of HealthMap, one of several systems 
set up recently to provide the world with real- 
time information about suspicious disease 
activity by having software scour news 
sources around the globe, says the first reports 
about a respiratory illness appeared in a Mex- 
ican newspaper on | April. “But there were 
300 outbreaks at the same time, so what made 
this one different?” Brownstein asks. “We 
have to go back and see if there was a signa- 
ture that we should have picked up here.” 

-JON COHEN AND MARTIN ENSERINK 
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Hundreds Gather for Rally to Defend 


Animal Research 


LOS ANGELES, CALIFORNIA—Last week 
marked what some hope will be a turning 
point in the clash of wills between propo- 
nents of biomedical research and animal- 
rights extremists, who’ve ratcheted up their 
attacks on researchers in the United States in 
recent years. On 20 April, a Los Angeles 
County grand jury arraigned two animal- 
rights activists on 10 felony charges each, 
including stalking and threatening two 
researchers at the University of California, 
Los Angeles (UCLA). The following day, the 
Federal Bureau of Investigation added an 
animal-rights activist—Daniel Andreas 
San Diego—to its Most Wanted Terrorists 
list for his alleged role in bombing two San 
Francisco—area office buildings in 2003. 
This is the first time a domestic terrorist has 
been added to the list that includes the likes 
of Osama bin Laden. And on 22 April, hun- 
dreds of people turned out for a pro-research 
rally on the UCLA campus. 

It’s too early to tell whether these events 
will help diminish the recent spate of attacks 
on researchers at UCLA (Science, 21 Dec- 
ember 2007, p. 1856) and elsewhere 
(Science, 8 August 2008, p. 755). Since 
2006, animal-rights extremists have claimed 
responsibility for at least 10 acts of arson, 
attempted arson, and other vandalism at 
UCLA. Researchers there report being 
intimidated by death threats and harassed at 
their homes by people in masks who show up 
in the middle of the night. 


Although no charges have been filed in 
any of the arson or attempted-arson cases, 
the indictments announced last week charge 
Linda Faith Greene, 61, and Kevin Richard 
Olliff, 22, with stalking and threatening 
UCLA researchers Lynn Fairbanks and 
Dario Ringach. That announcement follows 
the arrest on 22 February of four activists in 
connection with incidents targeting 
researchers at the University of California 
campuses in Santa Cruz and Berkeley. The 
FBI alleges the four violated the Animal 
Enterprise Terrorism Act, a 2006 law that 
carries penalties of up to 5 years in prison for 
using force, violence, or threats to interfere 
with research or other activities involving 
animals. “The message has now been sent 
pretty clearly that law enforcement is 
invested in this, that they’re expending 
resources to stop the violence,” says Frankie 
Trull, president of the Foundation for Bio- 
medical Research in Washington, D.C. 

A visible police presence may have 
helped discourage any bad behavior last 
Wednesday when proponents and opponents 
of animal research gathered at UCLA. In the 
morning, several dozen animal-rights advo- 
cates set up shop on a street corner border- 
ing UCLA’s medical campus, carrying 
posters with images of bloody animals and 
slogans decrying animal experimentation as 
torture and fraud. Several protesters said 
they oppose animal experimentation, 
period. Others saw shades of gray but har- 


Speaking out. Biomedical researchers and supporters took to the streets at UCLA last week. 


bored doubts about whether lab animals are 
treated as humanely as possible, whether the 
benefits to human medicine are as great as 
scientists say, and whether researchers are 
doing too many redundant experiments or 
trying hard enough to find alternatives. 
The recent firebombings and other vio- 
lence have distracted attention from such 
questions and made it harder for nonvio- 
lent activists to get their message out, said 
3rd-year UCLA law student Jill Ryther, a 
member of the campus Animal Law Society. 
Those tactics “are giving animal-rights 
activists a bad name,” she said. 

Meanwhile, a much larger crowd 
assembled as part of the Pro-Test rally 
organized by UCLA neuroscientist J. David 
Jentsch, who woke up the night of 7 March 
to find his car in flames. With the help of 
British pro-research activist Tom Holder, 
Jentsch modeled the rally on protests at the 
University of Oxford that were widely 
credited with helping to turn the tide of 
public opinion against animal-rights 
activists. Pro-Testers carried homemade 
signs with slogans such as “Science saves 
lives” and “Stop bombing us.” The group 
marched to the science quad for a series of 
short talks. Fairbanks, the first researcher 
targeted in the recent string of incidents at 
UCLA, said she spoke not as a researcher 
but as the mother of a son who had juvenile 
diabetes. “Animal research saved my son’s 
life,” she said. “It’s not true when they say it 
doesn’t work.” 

Others offered refutations to claims made 
by animal-rights activists—that animal 
research is unnecessarily cruel, that it’s 
unregulated, and that it reveals nothing that 
couldn’t be learned from tissue culture 
experiments, computer modeling, and other 
methods. The public’s limited understanding 
of these issues has been exploited by extrem- 
ists to justify their actions, said John Young, 
the director of comparative medicine at 
Cedars-Sinai Medical Center in Los Angeles 
and chair of the board of the pro-research 
group Americans for Medical Progress. He 
urged scientists to speak up. “The public 
wants to hear our story,” he said. 

Jentsch and Holder said the turnout 
exceeded their expectations. Jentsch hopes 
the Pro-Testers sent a strong message to the 
public as well as those behind the attacks: “T 
think putting our faces on what we do human- 
izes the effort and makes it harder to write 
obscene things in the middle of the night and 
to brutalize people.” 

—-GREG MILLER 


Read more detailed coverage of the rally on 
Sciencelnsider at http://is.gd/v8MV. 
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EVOLUTIONARY GENETICS 


Africans’ Deep Genetic Roots 
Reveal Their Evolutionary Story 


Africa is the birthplace of modern humans, 
and so our species has lived longest—200,000 
years—on that continent. As a result, Africans 
have had more time to accumulate changes in 
their DNA than humans elsewhere. But until 
now, researchers have barely scratched the sur- 
face of the rich diversity in Africans’ nuclear 
DNA. Most genetic studies of Africans and 
African-Americans are based on data from 
just a few gene lineages, or on genomewide 
scans of a handful of the diverse African 
groups. “Africans have been the most com- 
pletely neglected and underrepresented genet- 
ically of any continental group, because the 
most diverse groups are often remote,” says 
evolutionary geneticist Sarah Tishkoff of the 
University of Pennsylvania. “Hunter-gatherers 
don’t usually get to clinics.” 

Now, in the largest study ever of African 
genetic diversity, an international team of 
researchers led by Tishkoff has analyzed 
nuclear DNA collected over a decade from 113 
populations of Africans from across the conti- 
nent. In a report published online in Science 
(www.sciencemag.org/cgi/content/abstract/ 
1172257) this week, the team has found that 
Africans are descended from 14 ancestral pop- 
ulations, which often correlate with language 
and cultural groups. They found that all 
hunter-gatherers and pygmies in Africa today 
shared ancestors 35,000 years ago and that 
East Africa was the source of the great migra- 
tion that populated the rest of the world. They 
also found that African-American individuals, 
on average, have mixed ancestry from all over 
western Africa, which will make it difficult to 
trace roots to specific ethnic groups. 

“Wow! This data gives us raw material for 
understanding human evolution that we have 
never had before,” says geneticist Jeffrey 
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Long of the University of Michigan (UM) 
Medical School in Ann Arbor. Adds geneti- 
cist Noah Rosenberg, also of UM, “It’s a 
treasure trove of information.” 

Tishkoff and a team of European and 
African collaborators, in particular postdoc 
Floyd Reed, now at the Max Planck Institute 
for Evolutionary Biology in Plén, Germany, 
began collecting blood from far-flung tribes in 
Africa more than a decade ago. They drove 
off-road to visit peoples as diverse as the pyg- 
mies of Cameroon and hunter-gatherers in 
Tanzania. They set up centrifuges wherever 
they could find generators, survived a car 
crash, and spent years negotiating permits to 
collect blood ethically. “It was no small feat to 
get these samples,” says Tishkoff. 

They ended up with blood from 3194 
Africans from 113 populations. Working with 
additional collaborators, they genotyped the 
samples for a panel of 1327 well-known 
markers used to map genetic diseases in 
diverse populations. They then used various 
statistical methods to sort the DNA into 
closely related clusters and to trace patterns of 
inheritance. They also compared markers 
in Africans with those from 98 A frican- 
Americans, 21 Yemenites, and 952 individu- 
als from around the world. 

In many cases, the team found that ethnic, 
cultural, and linguistic differences reflected 
real genetic differences, which is “reassuring,” 
says paleoanthropologist Stanley Ambrose of 
the University of Illinois, Urbana-Champaign. 
For example, the hunter-gatherers spread 
throughout Africa, including the Sandawe and 
Hadza of Tanzania and the Khoisan speakers 
of southern Africa, shared common ancestors. 
All three of these groups speak click lan- 
guages, which incorporate strong “click” con- 
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Distant cousins. These pygmies from 
Cameroon (left) are not closely related to 
this Samburu woman, whose ancestors 
migrated to Kenya in the past 1500 years. 


sonants, some similar to the click used 

to urge a horse to speed up. The click- 

speakers and other hunter-gatherers 
from throughout Africa are all descen- 
dants of one protohunter-gatherer group 
that split apart more than 35,000 years 
ago, says Tishkoff. She also traces the 
origins of pygmies to that group, which 
suggests that pygmies may originally 
have been click-speakers. 

The team found that San bushmen of 
southern Africa were among a handful of 
groups with the most diverse nuclear DNA, 
confirming mitochondrial and Y chromosome 
studies that suggested the ancestors of the San 
led a major migration throughout Africa, 
spreading out from their ancient homeland. 
The data also confirm earlier research indicat- 
ing that the source population for the out-of- 
Africa migration of modern humans came 
from east Africa near the Red Sea. 

The team focused on another migration 
as well: the exodus of slaves from Africa, 
sampling DNA from African-Americans in 
four U.S. states. These people inherited, on 
average, 71% of their DNA from ancestors 
who came from all over western Africa, 8% 
from other parts of Africa, and 13% from 
Europeans. This suggests that most African- 
Americans had ancestors from all over 
Africa, which will make it difficult to pin- 
point their origins to specific ethnic groups, 
as ancestry-tracing kits now purport to do. 
The data will be important for “studies 
that seek to map disease genes in African- 
Americans,” says Rosenberg. 

Overall, the paper is “a monumental syn- 
thesis,” says Ambrose, and the data, which will 
be posted on Tishkoff’s Web site, are likely to 
be used by both biomedical and evolutionary 
researchers. “To understand the population 
genetics of any human population, we really 
need to understand Africa first,” says geneti- 
cist Jonathan Pritchard of the University of 
Chicago in Illinois. “It is sure to be an impor- 
tant paper and an important data set.” 

Tishkoff herself says “there are still gaps in 
our knowledge.” She hopes to “help people 
designing biomedical research,” specifically 
to see how differences in DNA affect how peo- 
ple respond to disease and drugs. Treatments 
for AIDS, malaria, and tuberculosis can be 
life-threatening for some people, says 
Tishkoff, and the key to more effective treat- 
ments may be in their genes. 

-ANN GIBBONS 
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U.S. SCIENCE POLICY 


Obama Courts a Smitten Audience at the National Academy 


Only once before has a newly 
elected president—John F. 
Kennedy in 1961—traveled the 
10 blocks from the White House 
to the National Academy of Sci- 
ences (NAS) to explain his poli- 
cies on science and innovation to 
the nation’s most prestigious sci- 
entific organization. On Monday, 
President Barack Obama made 
the trip, and the symbolism was as 
important as the message: Many 
of the promises Obama made—to 
increase research spending, 
achieve energy independence, 
improve science education, and 
remove ideology from science 
decision-making—were not new, 
but having the president himself deliver them 
made all the difference. 

“This is a major deal,” said NAS Presi- 
dent Ralph Cicerone, still slightly awe- 
struck half an hour after Obama had fin- 
ished his 38-minute speech (www.nas.edu), 
shaken hands with front-row dignitaries, 
and headed back to the White House to 
greet a collegiate women’s basketball team. 
“He understands how innovation works, and 
he has a wonderful way of explaining it to 


CLIMATE CHANGE 


i 
Celebrating science. NAS President Ralph Cicerone (left) and John 
Holdren welcome the president to the academy. 


the public. The speech was inspiring and 
credible. We are extremely lucky to have 
him in the White House.” 

The crowd, which began queuing up at 
6 a.m., was already on his side long before 
presidential science adviser John Holdren 
introduced his boss at 9:12 a.m. But Obama 
clinched the deal by appealing both to their 
sense of duty—‘I want to challenge you to use 
your love and knowledge of science to spark 
[a] sense of wonder and excitement in a new 


Study Challenges Cosmic Ray—Climate Link 


If rising levels of greenhouse gases aren’t 
pushing up global temperatures, as contrari- 
ans argue, what else could be? The leading 
alternative has been a fickle sun, and the sun’s 
most likely—or most heavily promoted— 
agent of change has been cosmic rays. Now 
scientists have published the first comprehen- 
sive modeling of how the sun might indirectly 
thin cloud cover and thus warm the planet. It 
suggests that cosmic rays are not up to the task 
by two orders of magnitude. “It’s a really good 
first study,” says modeler Dominick 
Spracklen of the University of Leeds, U.K., 
but “the first attempt is always going to be 
uncertain. There’s going to be debate.” 

Until now, the debate over cosmic rays and 
climate has dwelt more on wavy lines on 
graphs than on state-of-the-art global model- 
ing. In 1997, physicists Henrik Svensmark 
and Eigil Friis-Christensen of the Technical 
University of Denmark in Copenhagen 


reported that the extent of Earth’s cloud cover 
seemed to vary in step with galactic cosmic 
rays—high-energy charged particles from 
outer space—striking Earth’s atmosphere. 
The more cosmic rays, the more cloud cover 
screened out the warming rays of the sun and 
counteracted greenhouse warming. 

Such correlation does not prove causation, 
everyone agreed. Some experts disputed the 
existence of a correlation in the first place, 
and the consensus reports of the Intergovern- 
mental Panel on Climate Change saw no sub- 
stantial role for the sun in 20th century cli- 
mate change. But debate rolled on, in part 
because researchers had been discussing a 
plausible physical mechanism since the 
1950s. The sun’s magnetic field fends off cos- 
mic rays, they noted; lowered solar activity 
weakens that shield, increasing the flux of 
cosmic rays streaking into Earth’s atmos- 
phere. The cosmic rays ionize more gas mole- 


generation” —and their desire for more sup- 
port—‘We will devote more than 3% of our 
GDP to research and development, ... the 
largest commitment to scientific research and 
innovation in American history.” 

“Wow. Three percent has sort of been the 
Holy Grail for research funding,” says 
Charles Vest, president of the National Acad- 
emy of Engineering. “It depends on so many 
things, including the denominator, and it’s not 
really an end in itself. But it’s a heck ofa good 
place to start.” 

Five countries are above that level, accord- 
ing to the Science and Engineering Indicators 
2008 report from the National Science Foun- 
dation (NSF), with the United States at 2.6% 
in 2006. The report warns that the ratio is 
affected by many factors outside the govern- 
ment’s control, from the amount of industrial 
spending to the health of the global economy, 
and that “meeting any specific ratio [is] an 
elusive policy goal.” Even within the govern- 
ment, the puzzle has many pieces: U.S. spend- 
ing on defense, which is mostly applied 
research, far exceeds levels in any other coun- 
try, for example. Speaking briefly after the 
meeting, Holdren said that no date has been 
set for reaching or exceeding 3%. 

In announcing the target, Obama said his 


cules, which go on to form 1|-nanometer- 
diameter particles that then grow to become 
the starter particles for cloud droplets, so- 
called cloud condensation nuclei (CCN). And 
the more cloud droplets, the denser and more 
pervasive the sun-shielding clouds. 

Although this chain of causation no doubt 
exists, no one could say whether it is strong 
enough to make any difference in global cli- 
mate. So modelers Jeffrey Pierce and Peter 
Adams of Carnegie Mellon University in 
Pittsburgh, Pennsylvania, simulated the chain 
ina global atmospheric computer model of the 
sort used to model climate. Their model also 
incorporated the relevant microscale physical 
processes, from gas ionization to CCN forma- 
tion. They ran simulations with cosmic-ray 
fluxes typical of maxima and minima in the 
11-year solar cycle, which also happened to 
approximate the 20% range of cosmic-ray 
variation across the 20th century. 

As Pierce and Adams report in a paper in 
press in Geophysical Research Letters, their 
model showed that changes in cosmic rays are 
two orders of magnitude too feeble to cause 
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benchmark was the Apollo program of the 
1960s, as the U.S. responded to the Soviet 
Union’s launching of Sputnik. “That was the 
high-water mark of America’s investment in 
research and development,” Obama recalled, 
““’.. and it is time for us to lead once again.” 

One way to do that, he said, is to double the 
budgets for NSF, the Office of Science at the 
Department of Energy (DOE), and the 
National Institute of Standards and Technol- 
ogy as part of a boost in spending for the phys- 
ical sciences. Another initiative would double 
spending on cancer research at the National 
Institutes of Health. He also made official his 
Administration’s support for DOE’s new 
Advanced Research Projects Agency-Energy, 
which was created in 2007 and received 
$400 million in the recent stimulus package. 

Although he praised the president’s overall 
message, Lennard Fisk, a former head of the 
academies’ Space Studies Board and of 
NASA’ science program, said it is ironic that 
Obama is invoking memories of the space 
race at the same time NASA, which needs bil- 
lions of dollars more to carry out all the scien- 
tific missions on its books, isn’t one of the 
agencies whose budgets the Administration 
has pledged to double. “What type of space 
program does he envision?” asked Fisk, an 
astrophysicist at the University of Michigan, 
Ann Arbor. “It was fine in its day, but we don’t 
need another Apollo program.” 

The sole new effort unveiled by the presi- 


No response? Clouds in a model do not block 
more sunlight when cosmic rays increase. 


the changes in clouds. “I’m feeling fairly con- 
fident that other models will also show the 
change in CCN is very weak,” Pierce adds. 
“It’s possible the models are missing some- 
thing important; it just doesn’t seem likely.” 
The reason cosmic-ray variations don’t 
make themselves felt up the chain, at least in 
the model, seems to be the daunting matter of 
millionfold growth. Once a tiny amount of, 
say, sulfuric acid vapor condenses onto a 
cosmic-ray—induced ion to form a 1-nano- 
meter particle, a million times more vapor 
must condense on it within its lifetime of less 
than a week before it grows large enough to 
trigger cloud drop formation. All the while, 
other growing particles are competing for the 
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dent was a joint education initiative at NSF 
and DOE to stimulate interest in energy 
research. NSF Director Arden Bement said 
that the two agencies would be spending 
“hundreds of millions of dollars a year” on 
efforts to entice students to pursue careers in 
clean energy and to educate the public about 
the challenges of moving from fossil fuels to 
renewable sources of energy. The money will 
go for classroom and laboratory activities at 
levels ranging from elementary school 
through graduate training, as well as for infor- 
mal education. Bement said the initiative, 
dubbed RE-ENERGYSE in a White House 
press release, will tap into the 2-year stimulus 
funding for NSF and DOE along with regular 
agency budgets in this and subsequent years. 
He said other agencies may also participate. 
The biggest applause line of Obama’s 
speech had nothing to do with money. But it is 
the reason why so many academy members 
have welcomed his election. Referring to the 
actions of his predecessor, Obama promised 
that “under this Administration, the days of 
science taking a back seat to ideology are 
over.” Toward that end, he also announced the 
rest of the members of the President’s Council 
of Advisors on Science and Technology 
(www.ostp.gov). The 20-member council, 
co-chaired by Holdren, Harold Varmus, and 
Eric Lander, wasted no time getting down to 
business, convening in private only minutes 
after Obama hit the road. — -JEFFREY MERVIS 


scarce vapor and gobbling up smaller particles 
that they collide with. Make only a few ion- 
nucleated particles, and they are not enough to 
matter; make a lot, and there’s too little vapor to 
go around, so few particles grow large enough. 

Other modelers have just started to run 
global simulations of atmospheric particle 
formation, provoking a range of reactions. 
“We see a very similar thing” in our model, 
says Jan Kazil of the University of Colorado, 
Boulder. ““Cosmic-ray variations have only a 
small effect on the clouds in our model.” 

But Fangqun Yu of the University at 
Albany in New York says he disagrees with 
the Carnegie Mellon researchers “because of 
problems in their simulations.” Among other 
problems, Yu suspects that in simulating only 
two rates of new particle formation via ion- 
ization—very high and much lower—Pierce 
and Adams may have missed a “sweet spot” 
production rate in between, at which just 
enough but not too many particles are pro- 
duced. Testing the Goldilocks hypothesis will 
take more modeling and observations. 

—-RICHARD A. KERR 
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China Falls Short on Olympic Cleanup. 
The Chinese government went to great 
lengths to reduce air pollution in Beijing in 
advance of the Olympic Games. But a new 
analysis in Geophysical Research Letters 
suggests that the country achieved only 
mediocre results. The problem? Officials 
didn’t take the weather into account. 
http://tinyurl.com/chjzyo 


Artificial Blood Vessels Prove Effective. 
Scientists report in The Lancet that artificial 
blood vessels made using a person’s own 
skin cells work well in patients receiving 
kidney dialysis. The 
new blood vessels 
mark the first vascu- 
lar grafts to be 
derived entirely from 
a patient's own tis- 
sues, which lowers the 
odds of a harmful immune reaction. Down 
the road, engineered grafts may also prove 
useful in treating patients with circulatory 
problems in their legs and coronary arteries. 
http://tinyurl.com/d333v6 


Presto, Instant Sunglasses! Researchers 
report in the Journal of the American Chemi- 
cal Society that they have developed a mate- 
rial that almost instantaneously changes 
from clear to dark blue when exposed to 
ultraviolet light, and it just as quickly reverts 
to clear when the light is turned off. The new 
material, one of a class called pho- 
tochromics, could be useful in optical data 
storage as well as in superfancy sunglasses. 
http://tinyurl.com/dj2x45, 


“Shall We Dance?” Pond scum may seem 
like a mass of ungraceful goop, but look 
closer: That gunk could be in the midst of an 
elegant minuet. According to new research 
in Physical Review Letters, tiny colonies of 
the common algae Volvox can whirl each 
other around for hours like ballroom 
dancers, driven by the rhythm of tiny, tail- 
like structures called flagella. The findings 
could shed light on how interaction between 
primitive organisms evolved. 
http://tinyurl.com/djrme4 


Read the full postings, comments, and more 
on sciencenow.sciencemag.org. 
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PALEONTOLOGY 


‘Protein’ in 80-Million-Year-Old Fossil 
Bolsters Controversial 7. rex Claim 


A controversial finding that protein frag- 
ments can be recovered from dinosaur fossils 
has been replicated for the first time. Two 
years ago, Mary Schweitzer, a paleontologist 
at North Carolina State University in Raleigh, 
and colleagues stunned the paleontology 
community when they reported discovering 
intact protein fragments in a fossil from a 
Tyrannosaurus rex that died 68 million years 
ago. The claim has remained contentious, 
because proteins in tissue normally degrade 
quickly after an animal dies. On page 626, 
however, Schweitzer and colleagues report 
finding an even larger number of protein 
fragments from an 80-million-year-old fossil 
from a duck-billed dinosaur, or hadrosaur, 
known as Brachylophosaurus canadensis. 

“This will either be nothing or the 
biggest revolution in paleontology ever,” 
says Tom Kaye, a paleontologist at the Burke 
Museum in Seattle, Washington, and a critic 
of the original 7: rex study. If the finding 
holds up, agrees Matthew Collins, an 
archaeologist and protein mass spectrome- 
try expert at the University of York in the 
United Kingdom, “that would transform the 
way we do paleontology,” turning it into a 
discipline like genetics and molecular biol- 
ogy, built on molecular data. 

Similar hopes followed the original 7 rex 
study. That paper (Science, 13 April 2007, 
p. 280) reported recovering collagen from a 
T. rex fossil unearthed in Montana and from a 
fossilized mastodon as much as 600,000 
years old. Collagen, the principal protein in 
connective tissue, is rarely found in fossils 
more than a few hundred thousand years old. 
The paper reported that antibodies to colla- 
gen bound to the recovered material that had 
been chemically stripped of its minerals to 
leave behind what appeared to be soft tissue. 
When this material was run through a mass 


spectrometer, which identifies the sequence 
of amino acids in protein fragments, the 
sequences resembled those in collagen from 
birds, supporting fossil evidence that birds 
are descended from dinosaurs. 

Outsiders, however, raised several con- 
cerns. At the top of the list was the mass spec- 
trometry data. The technique chops proteins 
into small snippets and then weighs them. By 
comparing the masses with those of known 
protein fragments, researchers can work out 
the amino acid sequences in the original pro- 
tein fragments. But for some fragments in the 
samples, the mass signature was barely visi- 
ble above the noise, lowering the statistical 
confidence in their proper identi- 
fication. Kaye also suggested in 
July 2008 in PloS ONE that the 
proteins could have come from 
bacterial contamination (Science, 
1 August 2008, p. 623). 

In a pair of technical com- 
ments in Science, Schweitzer and 
John Asara, a mass spectrometrist 
at Harvard Medical School 
(HMS) in Boston who was part of 
Schweitzer’s team, defended the 
mass spec results and laid out a 
further case for why they thought 
the fossil proteins weren’t from 
bacterial contaminants. They also 
posted all of their mass spec data in a public 
database, after critics complained that they 
couldn’t evaluate the data without access to 
the complete data set. “It has been a stressful 
time,” says Schweitzer of the back and forth. 

But Schweitzer has welcomed the skepti- 
cism. Last November, she invited about a 
dozen of her staunchest critics to a meeting in 
Raleigh to go over the latest data. “Everyone 
discussed the ideas,” says Collins. “But at the 
end of the meeting, there were still the skep- 


bone cells. 


Real thing? Material 
from fossil resembles 


Dino score. Brachylophosaurus is preserved as 
more than stone, if new analysis is correct. 


tics” calling for more control studies, inde- 
pendent verification, and better mass spec 
results, Collins says. 

The new paper “did a pretty good job in 
addressing the issues raised previously,” 
says William Stetler-Stevenson, a bio- 
chemist who specializes in studying proteins 
such as collagen, laminin, and elastin that 
are found in the extracellular matrix and 
bone, and who is not affiliated with 
Schweitzer’s collaboration. For starters, 
Schweitzer’s team went to great lengths to 
avoid contamination, says Martin McIntosh, 
a biostatistician at the Fred Hutchinson Can- 
cer Research Center in Seattle, Washington, 
and critic of the original T rex paper. During 
excavation, the researchers used sterilized 
instruments to expose the bone and immedi- 
ately placed their samples in sealed jars. 

Schweitzer then took some of the sam- 
ples back to her lab and used chemicals to 
dissolve away the minerals, leaving behind 
what looks like a network of soft, transpar- 
ent vessels, cells, and extracellular matrix. 
Other bone samples were sent to Raghu 
Kalluri, a biochemist at HMS, who carried 
out his own demineralization procedure and 
analysis. Both groups then independently 
performed biochemical and antibody-bind- 
ing studies that showed evidence of collagen 
as well as laminin and elastin, two proteins 
found in blood vessels. 

Schweitzer also sent some of 
her demineralized extracts to 
Asara, who further processed 
them and tested them on a mass 
spectrometer more sensitive than 
the one used for the T rex study. 
Asara’s group identified eight 
collagen fragments. Asara sent 
some of the processed material 
to William Lane, another mass 
spec expert at Harvard Univer- 
sity, who confirmed the presence 
of three of the collagen frag- 
ments. A later analysis of the 
purported hadrosaur collagen 
sequences found them more closely related 
to the samples from 7. rex and to collagen 
from birds than to collagen from reptiles or 
other organisms. 

“This proves the first [T: rex] study was 
not a one-hit wonder,” Asara says. Perhaps, 
McIntosh says. “I’m not saying it’s true. But I 
cannot right now make a plausible argument 
that it’s not true.” He adds: “The door is clos- 
ing on plausible alternatives.” 

—ROBERT F. SERVICE 
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CONFLICTS OF INTEREST 


IOM Panel Backs Public Disclosure 
Of Drug Company Payments 


The best way to damp down concerns about 
doctors’ and researchers’ financial conflicts 
of interest is to require full disclosure, 
according to an expert report that adds its 
voice to a growing chorus. A panel of the 
National Academies’ Institute of Medicine 
(IOM) says faculty members at medical 
institutions should be re- 
quired to report all industry 
money they receive from 
outside their institution— 
no matter how small the 
amount—to special commit- 
tees that would keep track of 
the data and manage con- 
flicts. Such payments would 
also have to be reported pub- 
licly by the companies. 

The policy recommended 
by IOM would be far more 
intrusive than current U.S. 
rules, which require National 
Institutes of Health (NIH) 
grantees to report to their 
own institutions outside 
income of more than $10,000 
per year. But IOM’s mostly 
voluntary plan has an impor- 
tant selling point, some say: It 
could head off more-intrusive 
federal regulations. 

Panel members agreed 
that some action is called for. 
“Many relationships between researchers 
and industry are very constructive, but it 
has to be overseen and kept in bounds,” 
says panel chair Bernard Lo, a bioethicist 
at the University of California, San Fran- 
cisco (UCSF). 

IOM decided to undertake the study 
2 years ago amid growing concerns that aca- 
demic researchers who took drug company 
payments were withholding data from publi- 
cation or otherwise biasing results. (Fund- 
ing for the study came from NIH, IOM, and 
several foundations.) Similar concerns 
resulted in a ban on all such payments to 
intramural scientists at NIH, Lo notes. More 
recently, as part of an ongoing investigation, 
Senator Chuck Grassley (R—IA) has identi- 
fied several psychiatrists who allegedly 
failed to disclose hundreds of thousands of 
dollars in consulting income. 

Disclosure is “a critical but limited first 
step” toward addressing conflicts of inter- 
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“If [institutions] 

don't get their 

act together, they're 

really inviting the 

legislators to 

step in.” 
—BERNARD LO, UCSF 


est, the IOM panel concludes.” It urges 
research and physician organizations to 
develop a standard reporting format. And it 
endorses a proposal similar to one from 
Grassley to require that drug and device 
companies report payments to physicians in 
a public database. Companies should also 
disclose money given to 
institutions, scientific soci- 
eties, patient groups, and 
basic researchers, the report 
says, because their work can 
lead to clinical trials. 

Three of the 17 panel 
members recommended that 
physicians and researchers 
themselves also be required 
to publicly report their finan- 
cial ties with companies, 
including stock. But the oth- 
ers disagreed partly because 
they felt it would be expen- 
sive, could intrude on privacy, 
and would not add much to 
the company database. 

As arule, the report says, 
institutions should ensure 
that if a significant conflict 
exists, a researcher “may 
not conduct research with 
human participants” unless 
his or her role is essential to 
the research. The report also 
recommends that institutions ban faculty 
members from accepting drug company 
gifts, serving as a spokesperson for a 
company, and authoring articles ghost- 
written by industry. 

Many of these steps have been recom- 
mended in past reports from the Associa- 
tion of American Medical Colleges 
(AAMC), which has also endorsed the 
company payments database. But not all 
schools have followed AAMC’s advice. 
“We give a pretty clear warning,” Lo says. 
“Tf the [institutions] don’t get their act 
together, they’re really inviting the legisla- 
tors to step in. That, he warns, could lead to 
“very, very blunt” regulations and “a risk 
that valuable relationships will be curtailed 
in ways that will hurt patients.” 

—-JOCELYN KAISER 


*Conflicts of Interest in Medical Research, Education, 
and Practice, National Academies, www.iom.edu/CMS/ 
3740/47464/65721.aspx 
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The Department of Health 

and Human Services (HHS) has decided to 
maintain limits on travel by National 
Institutes of Health (NIH) staff established 
during the Bush Administration. Scientists 
at the Bethesda, Maryland, NIH campus are 
unhappy about the continued restrictions, 
which HHS brass say are needed because of 
tight budgets. “We should be allowed to 
spend our money the way we think is best,” 
says Samuel Cushman, a 30-year NIH vet- 
eran. The limits come as NIH rushes to 
spend more than $10 billion in stimulus 
funding, the majority of which will go to 
research grants and construction. 


Astronauts, lawyers, and scientists met 
last week at the University of Nebraska to 
begin to hash out an international frame- 
work for dealing with asteroids heading 
toward Earth. One proposal under con- 
sideration was a body that would advise 
the United Nations on threats. 


British scientists who had been hoping 
for a £1 billion stimulus were disap- 
pointed when there was no increase 

for research in the U.K. government's 
new budget announced last week. 
Researchers have been hoping for one 
along the lines of the $21 billion boost 
U.S. scientists have received. The budget 
did feature a bonanza of climate-related 
funding increases, however, in keeping 
with the government's commitment to 
reduce greenhouse gas emissions, 
including £525 million for offshore 
wind projects, £435 million for energy 
efficiency, and £405 million to encour- 
age low-carbon energy and advanced 
green manufacturing. 


Elsewhere ... A new tally of Iraqi deaths 
during the Iraq war by that nation’s gov- 
ernment puts the figure at 87,215. That 
deepens questions about a 2006 Lancet 
study that estimated the number at 
roughly 600,000. ... The U.S. Smithson- 
ian National Museum of American History 
is highlighting Lincoln's scientific bona 
fides as part of an exhibit marking the 
president's 200th birthday. 


For the full postings and more, go to 
blogs.sciencemag.org/scienceinsider. 
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On the Origin of 
The Immune System 


IT WAS A DRAMATIC MOMENT IN THE MOST 
dramatic confrontation so far between science 
educators and scientists determined to keep 
evolution in the classroom and advocates of 
the quasi-religious theory known as intelli- 
gent design (ID). In 2005, Lehigh University 
biochemist Michael Behe sat on a witness 
stand in Dover, Pennsylvania, as lawyer Eric 
Rothschild quizzed him about the claim in 
Behe’s pro-ID book, Darwin s Black Box, that 
“We can look high or we can look low in 
books or in journals, but the result is the same. 
The scientific literature has no answers to the 
question of the origin of the immune system.” 

When Behe reiterated that belief, Roth- 
schild was ready. He began piling in front of 
the witness a large stack of recent journal arti- 
cles, books, and book chapters, all relating 
research on the evolutionary origins of immu- 
nity, and asking Behe several times what he 
thought about the various publications. The 
biochemist admitted that he hadn’t read much 
of the material, but he wouldn’t budge from 
his position. 

“So these are not good enough?” Roth- 
schild asked at one point. 

“They’re wonderful articles. ... They sim- 
ply just don’t address the question that I 
pose,” Behe responded. 

The judge, John E. Jones, found Behe’s 
responses revealing. Behe “was presented with 
58 peer-reviewed publications, nine books, 
and several immunology textbook chapters 
about the evolution of the immune system; 


however, he simply insisted that this was still 
not sufficient evidence of evolution,” the judge 
wrote in his decision. Jones concluded that ID 
proponents set “a scientifically unreasonable 
burden of proof for the theory of evolution.” 
Score one for evolution, which is now taught 
without competition from ID in Dover schools. 

It is fitting that studies of the origins 
of immunity provided a strong defense for 
the ideas first set forth by Charles Darwin 
150 years ago. Darwin’s elaboration of diver- 
sification and natural selection as organizing 
principles of life inspired early immunolo- 
gists, helping them see that humans and 
pathogens are locked in their own survival- 
of-the-fittest battle. His theory also helped 
researchers realize that some of our immune 
defenses depend ona system of diversity cou- 
pled with selection among proteins. 

As this newfound evolutionary mindset 
shaped immunological thinking near the turn 
of the 19th century, researchers also began to 
speculate about how our complex system of 
defenses arose. After decades of research, 
modern immunologists now think that single- 
celled organisms must have started by harness- 
ing toxic peptides and gene-disabling mole- 
cules to thwart invading microbes—these 
weapons are still found in the simplest eukary- 
otes and more complex animals. And then 
when multicellular creatures evolved, they 
were able to devote specialized cells to tasks 
such as engulfing bacteria and viruses. 

Today, an ancient set of defensive mecha- 
nisms based upon protein recep- 
tors that recognize common fea- 
tures of dangerous pathogens has 
become hard-wired into the 
genome of every animal. (Plants 
have their own, parallel system.) 
Considered the first line of 
defense in animals, this “innate” 
immunity involves cells and mol- 
ecules that rush to the site of an 
infection. Comparative studies of 
earthworms, sea squirts, sponges, 
and more suggest that this inflam- 
matory response dates back to the 
origin of multicellularity. 

In what has been called the 
“big bang of immunology,” most 
vertebrates later evolved a second 
form of immunity, in which white 
blood cells exquisitely targeted to 


THE YEAR OF 


DARWIN 


This essay is the fifth 

in a monthly series. 

For more on evolutionary 
topics online, see the 
Origins blog at 
blogs.sciencemag.org/ 
origins. For more on 
the immune system, 
listen to a podcast by 
author John Travis at 
www.sciencemag.org/ 
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a specific pathogen are rallied and then main- 
tained in the body as an immune memory. 
This “adaptive” arm seemed to have appeared 
out of nowhere some 450 million years ago 
and may be the serendipitous outcome of 
invading DNA introduced by a virus or 
microbe infecting a fishlike creature. 

It may seem ironic that an infectious agent 
endowed vertebrates with the keys to a new 
microbial defense, but it illustrates that 
microbes have shaped the evolution of ani- 
mals for millennia. Indeed, a few researchers 
now suggest that immune systems evolved as 
much to manage and exploit beneficial 
microbes as to fend off nasty ones. “It’s a par- 
adigm shift in immunology,” says Thomas 
Bosch of Christian Albrechts University Kiel 
in Germany. Finding proof for such a radical 
change in thinking will be challenging, but 
scientists should soon have a more detailed 
view of immune evolution as they decipher 
the genomes of more invertebrates and verte- 
brates and tally up the defensive weapons 
shared by the various branches of life. 


Darwinian immunology 
It was only shortly after On the Origin of 
Species was published in 1859 that infectious 
diseases were discovered and became a com- 
pelling example of a Darwinian struggle— 
humans pitted against pathogens—notes 
science historian Alfred Tauber of Boston 
University. To understand that contest, 
immunology emerged in the late 19th century 
as the science of host defense. Soon, scien- 
tists were fighting over the importance of 
two competing defense mechanisms: the 
humoral system of antibodies in the blood 
versus mobile amoebalike cells known as 
phagocytes. German biologist Paul Ehrlich 
and others championed the former; Russian 
Elie Metchnikoff, an embryolo- 
gist, lobbied for the latter. 
Darwin’s ideas permeated 
Metchnikoff’s formulation, says 
Tauber. The Russian maintained 
that phagocytes evolved first as 
nutritive cells—eating and deliv- 
ering food to cells in animals 
without a gut—and were eventu- 
ally enlisted to eat deleterious 
bacteria as well. In 1882, he 
observed that phagocytes within a 
starfish enveloped and digested 
foreign bodies, including bacteria. 
As the field of immunology 
matured, it embraced both 
Metchnikoff and the humoralists, 
as researchers realized that the 
phagocytes complemented the 
defense offered by blood factors. 


one 
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In 1908, the embryologist even shared a 
Nobel Prize with Ehrlich. 

A half-century later, another major intel- 
lectual advance within immunology bore the 
fingerprints of Darwin. Darwin’s theory of 
evolution held that a large amount of variation 
exists among individuals in a species and that 
species can adapt to new circumstances 
because evolution weeds out the less fit, favor- 
ing variants that improve reproduction and sur- 
vival. Immunologist Frank Macfarlane Burnet 
drew heavily on this concept in developing 
his theory about how the body forms its anti- 
bodies, the pathogen-binding molecules 
secreted by lymphocytes called B 


this phenomenon, which became known as 
the generation of diversity, or GOD, problem. 

In the late 1970s, in work that would earn 
him a Nobel Prize, Susumu Tonegawa of the 
Massachusetts Institute of Technology in 
Cambridge demonstrated that B cells can 
produce such a vast array of antibodies 
thanks to a complicated process called VDJ 
recombination. A maturing B cell starts with 
dozens to hundreds of three classes of gene 
segments—the V’s, D’s, and J’s—and as it 
develops, the cell excises all but one of each 
class. The surviving V, D, and J then get 


cells, according to science historian ee 


Arthur Silverstein of Johns Hop- 
kins University School of Medi- 
cine in Baltimore, Maryland. 

While other immunologists 
focused on how antibodies might 
evolve to better target a pathogen, 
undergoing their own kind of 
natural selection, Burnet pro- 
posed that the lymphocyte was 
the key evolutionary player being 
selected within the body. Those 
white blood cells making antibod- 
ies that react to the body’s own tis- 
sues would be deleted, whereas 
one whose antibodies recognized 
a pathogen would survive and 
indeed be stimulated to expand 
greatly in number. 

“Tt is a Darwinian theory,” 
notes Tauber. “You have enor- 
mous variation and then selec- 
tion.” This process, what Burnet 
called clonal selection, lets the 
body tailor its response to a par- 
ticular pathogen. Moreover, some 
of the selected lymphocytes stick 
around, providing a “memory” 
that helps the immune system 


thwart the same invader even 
faster if it comes again. 


Hungry cells. Elie Metchnikoff drew cells 
consuming bacteria (top), and electron 
microscopes today provide a more modern 


Understanding the big bang 

Clonal selection theory didn’t 
answer all the mysteries about antibody for- 
mation. Although Burnet’s idea assumed a 
large variation in preexisting antibodies, 
immunologists in the 1960s and ’70s realized 
that animals could generate distinct antibod- 
ies to almost any protein or other molecular 
feature of a microbe. In fact, the vertebrate 
immune system could raise antibodies spe- 
cific even to humanmade molecules not 
found in nature. Given the prevailing dogma 
that behind every protein there was a specific 
gene, immunologists were at a loss to explain 
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view of such phagocytosis (bottom). 


stitched together into a DNA sequence that 
encodes an antibody unique to each mature 
B cell. (The other key player in the adaptive 
system, the T cell, also bypasses the one 
gene—one protein hurdle and similarly 
recombines gene segments to create distinct 
cell-surface receptors for pathogens.) 

The elucidation of VDJ recombination 
gradually exposed immunology’s big bang, 
recalls David Schatz of the Yale School of 
Medicine. By 1990, he and other colleagues 
then working in David Baltimore’s lab at the 
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Whitehead Institute for Biomedical Research 
in Cambridge had identified two genes essen- 
tial to VDJ recombination, RAG/ and RAG2 
(for recombination-activating genes). Sharks 
and all the other jawed vertebrates with adap- 
tive immunity have these genes, but all the 
evidence at the time indicated that hagfish, 
lampreys, and invertebrates didn’t. So, where 
did RAG/ and RAG2 come from? 

Several clues, including that the two genes 
are located immediately next to each other, 
prompted Schatz and his colleagues to wonder 
whether the pair had once been part of a DNA 
recombination system in fungi or viruses that 
got incorporated into vertebrates. As immu- 

nologists teased out what the proteins 
encoded by the two did, they real- 
ized the molecules are the scissors 
and knitting needles that cut out 
all but one V, D, and J and stitch 
those remaining three gene seg- 
ments together. 

In 1995, Craig Thompson, then 

at the University of Chicago in IIli- 
nois, formally proposed that the 
DNA now encoding RAG/ and 
RAG2 was once a mobile genetic 
element called a transposon. 
Transposons can cut themselves 
out of one DNA sequence and 
stick themselves back in another, 
so immunologists could envision 
those skills being co-opted to 
recombine V, D, and J gene 
segments. In this “transposon 
hypothesis,” Thompson suggested 
that at some point after jawed and 
jawless vertebrates split into two 
branches, about 450 million years 
ago, a transposon invaded the for- 
mer lineage, perhaps brought in 
by a virus that infected a germ 
cell. Boom—the enzymes that 
would ultimately provide adaptive 
immunity, by creating diverse 
antibodies and T cell receptors, 
were now in place and could 
mutate into that new role. 

Many research teams began 
trying to verify the transposon hypothesis. In 
1998, for example, Schatz’s team and one led 
by Martin Gellert of the National Institute of 
Diabetes and Digestive and Kidney Diseases 
in Bethesda, Maryland, independently showed 
that the enzymes encoded by RAG/ and RAG2 
could, in addition to cutting out DNA 
sequences, actually insert one stretch of DNA 
into another. In a commentary in Nature, 
immunologist Ronald Plasterk of the Nether- 
lands Cancer Institute in Amsterdam 
expressed the awe of many at this solid evi- 
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dence of the transposon hypothesis. “We may 
owe our existence to one transposition event 
that occurred 450 million years ago,” he wrote. 

At the Dover trial, much of the research 
literature piled in front of Behe detailed the 
increasing evidence for this transposon 
hypothesis. Although those papers satisfied 
the judge and show why the hypothesis is 
widely accepted, a major surprise since the 
Dover verdict suggests that this 
transposon invasion took place 
even earlier. 

In 2006, a team led by Jonathan 
Rast of the University of Toronto in 
Canada and Sebastian Fugmann of 
the National Institute on Aging in 
Bethesda, Maryland, analyzed the 
genome of the purple sea urchin 
and found genes that closely resem- 
ble RAGI and RAG2, the first time 
they’ve been uncovered in inverte- 
brates. Their existence in the urchin 
suggests that the transposon with 
these enzymes invaded animals far 
earlier than had been thought but was lost in 
most lineages except for jawed vertebrates, 
which adapted them to perform VDJ recombi- 
nation. That’s an easier version of the story for 
some immunologists to swallow, as it allows 
more time for mutations to deactivate the 
jumping ability ofa transposon and convert its 
DNA to a new job. “There was never a big 
bang of immunology,” suggests Bosch. 

Thompson and others aren’t so ready to 
defuse the explosive hypothesis, however. 
The RAGJ-RAG2 transposon may 
have entered sea urchins and verte- 
brates independently, they stress. The 
role of RAG/ and RAG2 in sea urchins 
remains unknown, and Rast agrees that 
the timing of the transposon invasion 
responsible for adaptive immunity 
won’t be nailed down until more inverte- “4 
brate genomes are deciphered over the 
next few years. “The basic idea of an immune 
‘big bang’ in the vertebrates has led to a vari- 
ety of oversimplifications and conceptual 
problems,” says Rast. “Whatever the actual 
evolutionary pathway that led to the very 
complex vertebrate adaptive system, it was 
surely a gradual progression that co-opted 
many preexisting immune mechanisms.” 


First line of defense 

Researchers have also made progress under- 
standing the origins of innate immunity, 
encouraged by the recent appreciation that 
these defenses can be as sophisticated and 


Exhibit A. This stack of evolutionary immune 
research literature was used in the Dover trial. 


effective as the adaptive arm. After all, about 
90% of animal species have no adaptive 
immunity, yet they thrive, with many living 
for decades, in a world of microbes. 

At the heart of this protection are proteins, 
called Toll-like receptors (TLRs), on cells of 
the innate immune system. Over the past 
decade, it has become clear that TLRs are the 
long-sought cell-surface receptors that recog- 


“Whatever the actual evolutionary 
pathway that led to the very complex 
vertebrate adaptive [immune] system, 
it was surely a gradual progression 
that co-opted many preexisting 


immune mechanisms.” 
Jonathan Rast, 


University of Toronto 


nize common microbial features such as bac- 
terial wall components or the distinctive DNA 
sequences ofa virus. This role could date back 
to the earliest multicellular organisms, as 
humans and some of the most evolutionarily 
primitive animals share TLRs and the mole- 
cules involved in the TLR signaling cascade. 
The sea urchin genome revealed more than 
200 TLR genes, for example, and in 2006, a 
group headed by Werner E. G. Miiller of the 
University of Mainz in Germany reported that 
sponges also encode these microbial 


re Evolutionary Mechaneams of Uetense Reacvons Si. 35 ry 2 


sensors. And plant disease-resistance proteins 
that recognize bacteria, viruses, and fungi 
include portions that structurally resemble 
TLRs, hinting that ancestors of these micro- 
bial sensors were on patrol long before plants 
and animals diverged. 

As additional genomes reveal their secrets, 
evolutionary biologists should ultimately sort 
out which creatures have which immune mol- 
ecules. Making sense of that data 
may demand conceptual break- 
throughs in understanding the pur- 
pose of our immune defenses. 
Many immunologists accustomed 
to studying people, mammals, or 
other vertebrates assume that the 
adaptive immune system emerged 
because it allowed these more com- 
plex animals to deal with more 
complex microbial threats. And 
Thompson, now scientific director 
at the Abramson Family Cancer 
Research Institute in Philadelphia, 
Pennsylvania, thinks the key advan- 
tage is that the adaptive response conserves 
scarce resources by quickly fine-tuning the 
otherwise all-out assault mounted by the 
innate immune system. “Specificity gives you 
the advantage of being able to use the least 
amount of an immune system,” he says. 

Still, some invertebrate biologists aren’t 
convinced that their colleagues have nailed 
down the selective advantage of the adaptive 
immune system. “It’s very hard to say what is 
the benefit,” says Bosch. He predicts one 
important line of future inquiry in the evolu- 
tionary study of immunology will be how 
immune systems have helped organisms 
adapt to their specific environments or 
ecological niches. 

Bosch also cites the growing realiza- 
tion that animals harbor within their bodies a 
world of microbes that are crucial to devel- 
opment, nutrition, and more; by some esti- 
mates, humans are 90% bacterial cells. 
Immunologists, says Bosch, need to shift 
their thinking “from bacteria make you sick 
to bacteria make you healthy.” Such a shift 
may ultimately force a reconsideration of the 
roots of the immune system. Did the innate 
and adaptive arms truly evolve to keep out 
harmful organisms? Or instead, are one or 
both more like bouncers at a nightclub, 
honed for the more subtle task of allowing 

the right microbes in and kicking the less 
desirable ones out? If another evolution- 
versus-ID trial ever takes place, biologists 
addressing this provocative question will 
no doubt have added to the impressive 
stack of literature on how our immune 
system arose. —-JOHN TRAVIS 
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NEWSMAKER INTERVIEW 


Defying Skeptics, Richard Scheller 
Thinks Genentech Will Thrive 


At the end of March, Swiss drugmaker Roche 
achieved its long-sought acquisition of Genen- 
tech, the pioneering biotechnology company in 
South San Francisco, California. Long before 
the deal was official, biotech analysts, former 
Genentech employees, and others bemoaned 
what they saw as the end of an era. Surely the 
buttoned-down pharmaceutical behemoth 
would crush the famously innovative culture at 
Genentech, where scientists have relished their 
freedom to pursue pet projects in basic science 
and the laid-back work environment, which 
among other niceties features Friday night “ho- 
hos,” or keg parties. People inside and outside 
Genentech credit its culture for its success as 
the first biotech company (it was founded in 
1976) and one of the most profitable. 

Richard Scheller, Genentech’s new execu- 
tive vice president for research and early 
development, says his number-one job is to 
prove the naysayers wrong. He will run 
Genentech as an independent research center, 
Roche announced on 14 April. Formerly a 
neuroscientist at Stanford University in Palo 
Alto, California, Scheller joined Genentech in 
2001 and served as its executive vice president 
for research and chief scientific officer prior 
to the merger. Finally allowed to speak pub- 
licly, he spoke with Science last week about 
what the merger will (and mostly won’t) mean 
for research at Genentech. His comments have 
been edited for brevity. —GREG MILLER 


Q: Can you explain how Genentech will 
operate independently? 

R.S.: I will report directly to the CEO of 
Roche and will operate independently here 
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in South San Francisco a group of folks who 
do the research and clinical trials through 
phase II. We have complete decision-making 
authority over which projects we work on, 
how long we work on them, when to propose 
to move them forward, et cetera. The idea is, 
we’ll be able to maintain the independence 
we had when Genentech was a publicly 
traded company. 


Q: Are you saying nothing will change? 
R.S.: No. If anything, now that phase I and II 
clinical development will also report to me, 
I think the research group will be even 
closer to the earlier stages of clinical devel- 
opment, which is absolutely critical. The 
first stages of clinical development are 
really more like basic science, attempting to 
obtain proof of concept for your hypothesis 
in man. [In] phase HI, you’re attempting to 
replicate the data on a larger number of 
patients. That’s more of a logistical task. 
That part is best left to the global Roche 
development group. Our goal will be to 
hand them molecules that are ready for this 
final stage of clinical development. 


Q: Many people saw Arthur Levinson as 
personifying the science-first culture of 
Genentech. What will be the impact of his 
departure as Genentech CEO? 

R.S.: Art will remain on our scientific advi- 
sory board. He will come to research-review 
meetings. He will be chair of the board of 
Genentech. Art will still have a strong pres- 
ence here, but he will not have the role [in 
daily operations] he had as CEO. 
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Minister of culture. Richard Scheller says he can 
preserve Genentech’s culture of innovation under 
Roche. 


Q: How do you plan to maintain the famous 
Genentech culture? 

R.S.: By making sure that scientists continue 
to have time to work on their own projects that 
aren’t translational, that aren’t governed in 
any specific way, and that scientists have time 
to think and imagine and invent, not just do 
routine things. 


Q: Is that all there is to it? 

R.S.: Coming up with a compensation sys- 
tem that’s motivating to employees will be 
extremely important. And the ability to pub- 
lish. The ability for scientists to develop their 
own international reputation, where they’re 
not prevented from publishing or they only 
publish in the patent literature, for example, 
is something that will continue. We will con- 
tinue to have a postdoc program. We have 
120 postdocs at Genentech. The goal is for 
people to come and do interesting science 
and publish papers. There’s no requirement 
that any of the work be translational. That 
keeps young and exciting people coming in 
to Genentech. 


Q: Will the merger affect your ability to 
attract and retain top talent? 

R.S.: I hope not. Time will tell. Since the bid 
for the merger was announced, Morgan 
Sheng joined us from MIT [Massachusetts 
Institute of Technology]. Morgan knew the 
bid would likely be successful and still 
decided to leave his position as a professor 
at MIT and a Howard Hughes investigator to 
move across the country to run neuro- 
science for Genentech. I think that’s a pretty 
good sign. 


Q: Why the push in neuroscience when so 
many disorders have proven frustratingly 
difficult to treat? 

R.S.: It’s a little bit ironic. When I came to 
Genentech, all work in neuroscience [here] 
was ... being dismantled. I didn’t believe at 
the time there was enough insight into the cel- 
lular and molecular basis of neurological dis- 
orders ... to make an impact there. Two things 
have happened: Now we have a world-class 
small-molecule drug-discovery group. And 
we’ve learned enough about neuroscience— 
from finishing the genome to all that we’ve 
learned about ion channels and signal trans- 
duction and development—to think more 
rationally about diseases. It’s not going to be 
easy, but in our opinion, it’s time to get really, 
really serious about neuroscience. 
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Bunkmates. Named for astronomer William 
Herschel, the Herschel telescope will ride atop the 
Planck satellite, named for physicist Max Planck. 


ASTRONOMY 


Herschel Will Open a New Vista 
On Infant Stars and Galaxies ... 


With the biggest mirror yet flown in space, Europe's new observatory will peer 
through a new wavelength window at the cool regions of the universe 


Over the years, astronomers have scoured most 
of the electromagnetic spectrum, from long- 
wavelength radio waves to very high-energy 
gamma rays, for information about the universe 
and its denizens. Later this month, Europe’s 
Herschel Space Observatory will start to fill 
one of the remaining gaps: a region of the far 
infrared and submillimeter radiation with 
wavelengths between 200 and 850 micro- 
meters. Researchers are keen to peer through 
this unseen window because they hope to see 
stars and galaxies in their formative years, peri- 
ods during which they are obscured by gas and 
dust at other wavelengths. “Herschel gives us a 
picture of the cold universe, the dusty universe. 
Galaxy and star formation generate most 
energy here,” says astrophysicist Michael 
Rowan-Robinson of Imperial College London. 

For the first part of its journey into space, 
Herschel will have company. The European 


Space Agency (ESA) will launch the €1 billion 
observatory together with Planck—a mission 
to map the cosmic microwave background 
radiation in unprecedented detail (see below)— 
on board a European Ariane 5 rocket. Although 
their scientific missions are very different, the 
two probes were managed as a single project by 
the same industrial team and have similar final 
destinations, around the Lagrangian point L2. 

Lagrangian points are gravitational wells in 
the sun-Earth system. L2 lies on the night side 
of Earth, 1.5 million kilometers farther from 
the sun—a place far from interfering signals 
from Earth, where spacecraft can hover with- 
out using too much fuel (see figure, p. 585). 
Planck will settle into an orbit around L2 
roughly 2 months after launch; Herschel will 
arrive more than a month later and take up a 
wider orbit. “It’s an ingenious place to put 
such missions,” says Rowan-Robinson. 


...While Planck Dusts the Skies 
For the Fingerprints of Inflation 


The newborn universe supposedly expanded faster than the speed of light. The Planck 


satellite might prove it 


The big bang: The universe bursts into exis- 
tence, an infinitely dense and hot soup of sub- 
atomic particles and radiation. In a fraction of 
a nanosecond, it doubles its size again and 
again, in a faster-than-light growth spurt known 
as inflation. That bizarre, hypothetical stretch- 
ing evens out the universe but also sets off 
ripples in space and time called gravitational 
waves, which 13.7 billion years later should 
have left traces in the afterglow of the big 
bang, the cosmic microwave background 
(CMB). The 400 researchers working with the 
European Space Agency’s (ESA’s) Planck 
satellite hope to spot those traces—subtle pat- 
terns in the polarization of the microwaves 
called “B modes”—before anyone else does. 
“The next Nobel Prize [for CMB studies] 
will go to the experiment that detects these 
modes,” predicts Nazzareno Mandolesi, a 
Planck team member from the Institute of 


Spatial Astrophysics and Physical Cosmology 
in Bologna, Italy. “That will prove without a 
doubt that inflation happened.” 

The CMB has been a scientific treasure 
trove. Its accidental discovery in 1964 bol- 
stered the then-controversial notion of the big 
bang and netted a Nobel Prize 14 years later. 
In 1992, NASA’s Cosmic Background 
Explorer (COBE) spacecraft measured the 
spectrum of the microwaves and from its 
shape confirmed that the universe emerged in 
a single instant. COBE also detected tiny vari- 
ations in the radiation’s temperature across the 
sky. Those advances won a Nobel in 2006. 

Sixteen years in the planning, the €700 
million Planck satellite will be the third to 
study the CMB. The second was NASA’s 
Wilkinson Microwave Anisotropy Probe 
(WMAP), which in 2003 charted in detail the 
temperature variations COBE had glimpsed. 
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Astronomers studying infrared and sub- 
millimeter wavelengths have a tough time: 
Earth’s atmosphere blocks such photons, and 
warm objects emit infrared radiation that 
swamps astronomical signals. Scientists have 
had some success putting telescopes in very 
high, dry places, but the real breakthrough 
came with the Infrared Astronomical Satellite, 
launched in 1983. ESA’s Infrared Space 
Observatory followed in 1995, and then 
NASA’s Spitzer Space Telescope in 2003 and 
Japan’s AKARI in 2006. 

“These were extremely powerful and suc- 
cessful missions, but they were limited by the 
need to have very cold instruments and tele- 
scopes,” says Matt Griffin of the University of 
Wales, Cardiff, a principal investigator of one 
of Herschel’s detectors. To damp down 
infrared signals from the spacecraft, those 
probes used liquid helium to cool their detec- 
tors and mirrors. But it takes a lot of helium to 
cool a large mirror, and it is heavy 
stuff to loft into space. Hence, 
none of the earlier missions had 
mirrors larger than | meter, a lim- 
itation that restricted their ability 
to resolve distant objects. 

“Herschel is a different kind 
of mission,” says Rowan-Robin- 
son. Its wavelength range of 60 to 


Those variations arose from the 
sloshing of matter and radiation in 
the early universe. With the data, 
researchers nailed down the 
makeup of the universe: 4% ordi- 
nary matter; 23% mysterious dark 
matter, whose gravity holds the 
galaxies together; and 73% space-stretching 
dark energy, which is speeding up the expan- 
sion of the universe. 

Planck will chart the temperature varia- 
tions in CMB with 10 times WMAP’s sensi- 
tivity and three times its angular resolution. 
The microwaves are also polarized so that the 
electric fields in waves coming from any par- 
ticular spot in the sky wiggle in a definite 
direction—just as ordinary light waves 
reflected from a pond are polarized so they 
oscillate horizontally as they zip into your eye. 
WMAP sketched the polarization of the 
CMB; Planck will render it in great detail. 

Still, Planck may not be the sure-fire win- 
ner that COBE and WMAP were, some 
researchers say. “If it works as it should, then 
at the minimum, Planck will do very good sci- 
ence,” says David Spergel, a cosmologist at 
Princeton University and a member of the 
WMAP team. But there’s no guarantee that 
Planck will spot something completely new, 
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670 micrometers covers much of the gap 
between earlier infrared missions (up to 
about 200 micrometers) and ground-based 
submillimeter telescopes (850 micrometers 
and above). Not only is Herschel venturing into 
unexplored terrain, but it also carries the 
biggest mirror yet to fly in space, 3.5 meters 
across. To make such a size work, “we had to 
take the mirror out of the cryostat,” says Géran 
Pilbratt, ESA’s project scientist for Herschel. 
Once that was done, “‘we were constrained by 
the size of the rocket,’ he says. The huge reflec- 
tor boosts angular resolution and sensitivity, 
allowing Herschel to see fainter objects, but 
leaving it at the slightly warmer ambient tem- 
perature of space adds noise. “Most of the 
power falling on the detectors comes from the 
telescope, not the sky,” says Pilbratt, and this 
signal has to be removed in later processing. 
Herschel had a long gestation. The idea 
for such a mission arose in a workshop on 


Lonely outpost. The two probes will orbit around L2, 
a gravitational dip in the sun-Earth system. 


Earth 2-7 
a “leek Moon 
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5 Million km 


Spergel says: “That’s what happens when 
youre the third satellite.” 

Planck will be far more sophisticated than 
its predecessors. WMAP sampled microwaves 
at five frequencies; Planck will monitor nine 
of them over a range 12 times wider. WMAP 
cooled its detectors by exposing them to the 
frigidity of space; some of Planck’s detectors 
must be cooled to within a fraction of a 
degree of absolute zero with a liquid-helium 
refrigerator. As WMAP did, Planck will circle 
the sun in synchrony with Earth, hovering at 
the so-called second Lagrange point, or L2 
(see figure, above). There it will spin, scan- 
ning its microwave eyes across the sky and 
amassing in 18 months more than 100 billion 
measurements. 

At the least, Planck should make superior 
measurements of the part-in- 100,000 temper- 
ature variations. These variations reflect dif- 
ferences in the density of the primordial uni- 
verse, irregularities that seeded the formation 
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submillimeter astronomy in 1982. When ESA 
announced a call for proposals for its Horizon 
2000 science program later that year, some 
participants in the workshop put together a 
proposal. By 1986, the mission, then known 
as the Far Infrared Space Telescope (FIRST), 
was selected as one of Horizon 2000’s four 
cornerstone projects, but it was the last of the 
four. ESA’s science directorate, with a limited 
budget, had to work through three other large 
and complex missions before Herschel got its 
chance. “We had an opportunity to develop 
our instruments and get better detectors. They 
improved by an order of magnitude over the 
years,” says Thijs de Graauw, one of FIRST’s 
originators and now director of the Atacama 
Large Millimeter/submillimeter Array 
(ALMA) in Chile. 

One challenge was to develop detectors 
for Herschel’s range of wavelengths. 
Astronomers working in the infrared have 
benefited from the military, 
which likes to spot warm things 
on the ground from space and has 
developed sensitive infrared 
detectors. At Herschel’s slightly 
longer wavelengths, “there’s been 
nothing done by anyone other 
than astronomers,” says Pilbratt. 
It’s also an awkward middle > 


of the galaxies. With their stronger 
gravity, the denser regions drew in 
more matter, both dark and ordi- 
nary. Simultaneously, radiation 
pushed against the gathering ordi- 
nary matter, causing the matter to 
rebound. That jostling is encoded 
in the temperature variations, which is why 
WMAP could measure the relative amounts 
of dark and ordinary matter in the universe. 

Planck should be able to nail down another 
key piece of information: the distribution of 
the original density variations. These varia- 
tions can be broken down into longer and 
shorter wavelike undulations, much as a 
musical chord can be broken into individual 
notes. The relative strength of longer and 
shorter wavelength variations can be 
described by a single number called a spectral 
index, a cosmological parameter perhaps 
more important than any that WMAP meas- 
ured, says Joseph Silk, a cosmologist at the 
University of Oxford, U.K., who works on 
Planck. “Planck is going to [measure] it 
much, much better than WMAP,” he says. 
“Tt’s going to be beautiful.” 

But the prize quarry for Planck researchers 
is the B modes. These features are swirls in 
the CMB polarization mapped across the > 
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Stellar nursery. Herschel will seek out embryonic galaxies burning 
bright with star formation, as in this artist's impression. 


ground between optics and radio electronics: 
Two of Herschel’s detectors take an optics 
approach, whereas the third relies on radio 
techniques. The radio detector, known as 
HIFI, is a “remarkable achievement,” says 
Pilbratt. “Ten years ago, there was nothing 
like what you see in HIFI today.” 

The mirror also had problems along the 
way. The plans originally called for it to be 
made of lightweight carbon fiber, but it 
proved difficult to build one large enough out 
of that material. A NASA team produced a 
prototype but had to pull out of developing it 


sky, and spotting them would 
essentially clinch the case 
for the mind-bending the- 
ory of inflation. 

The notion that the uni- 
verse briefly expanded at 
faster than light speed might 
seem absurd, but it solves some 
thorny problems in cosmology, 
including a big one posed by the CMB 
itself. The temperature of background radiation 
is almost exactly the same—2.725 kelvin—all 
over the sky. That’s perplexing because the 
distant reaches of the universe in opposite 
directions are so far apart that not even light 
has had time to travel between them. So they 
could not have interacted and should have no 
reason to have reached so nearly the same 
temperature. Inflation solves this problem by 
positing that opposite ends of the universe 
were cheek-by-jowl until the sudden expan- 
sion pulled them very far apart. 

Although inflation fits the facts so far, 
researchers do not yet have direct proof that 
it occurred. The B modes would provide 
that. Current theory predicts that inflation 
should have generated gravitational waves 
and that those waves should have left linger- 
ing swirls in the polarization of the CMB. 


because of funding constraints. 
The managers decided to switch 
to silicon carbide, which ESA 
researchers had been experi- 
menting with as a backup. 

With its huge telescope, Her- 
schel will be able to peer through 
gas and dust to construct a history 
of star formation from the early 
years of the universe to today. 
Griffin says the distant galaxies 
seen by the likes of the Hubble 
Space Telescope are already 
grown up. Hubble “doesn’t see 
the ones in formation, behind the 
dust and gas,” he says. “We don’t 
know how many of them there 
are,” adds De Graauw. Such star-forming 
galaxies emit radiation mostly in the cool 
infrared, and Herschel’s wavelength range 
lets it spy on regions cooler than earlier 
satellites could. Herschel will be able to 
count the number of these distant galaxies in 
six different wavelength bands, charting 
their evolution. “We’ll be able to say what’s 
going on in these galaxies ... [and] say how 
a galaxy like our own evolved into what it is 
today,” says Pilbratt. 


Soon in HD. Planck will improve on WMAP’s maps of 
temperature (colors) and polarization (lines). 


Unfortunately, theory doesn’t guarantee 
that the swirls will be strong enough for 
Planck to detect. Even if they are, Planck will 
have to sift through the effects created by our 
galaxy, which can also generate swirling 
polarization patterns. Planck’s sensitivity to 
higher frequencies should help it identify such 
“foregrounds.” Planck will also have to beat 
out ground-based and balloon experiments 
searching for the B modes. Such small-scale 
efforts stole some of WMAP’s thunder by pre- 
cisely measuring the temperature variations 
first (Science, 28 April 2000, p. 595). 

In principle, a spacecraft should have an 
edge over any instrument staring up through 


Closer to home, Herschel will study in 
detail the life cycle of stars—how old first- 
generation stars explode, seeding the inter- 
stellar medium with heavy elements that then 
form part of the next generation of stars. “It’s 
an ecosystem in balance,” says Griffin. “We 
can get a handle on all parts of the cycle. The 
chemistry and physics is not well under- 
stood.” De Graauw hopes researchers will 
find the trigger for star formation. “What 
starts the early ones—those without heavy 
atoms—is still a riddle,” he says. 

Aside from the formation of galaxies and 
stars, astronomers also hope to use Herschel 
to study comets, asteroids, and planetary 
atmospheres in our solar system and how 
debris disks around stars form into planets. 
“Tt’s a very good general-purpose observa- 
tory,” says Griffin. But Herschel had better 
not wait too long to make an impact, 
because another major general-purpose 
observatory will soon be snapping at its 
heels. ALMA, an array of 66 giant dishes 
under construction in Chile, will be producing 
science in just a few years and will cover 
wavelengths ranging from about | centimeter 
down to 300 micrometers. Says De Graauw: 
“There’s quite an overlap. Herschel’s going 
to be just in time.” 

—-DANIEL CLERY 


Earth’s microwave-emitting 
atmosphere, says Alan 
Kogut, an astrophysicist at 
NASA’s Goddard Space 
Flight Center in Greenbelt, 
Maryland. But Planck was 
designed primarily to study 
the CMB temperature varia- 
tions, Kogut says, not to search for 
the B modes. Still, Planck has one 
advantage, says cosmologist John Carlstrom 
of the University of Chicago in Illinois. Map- 
ping the whole sky, Planck will be able to 
look for the largest swirls. Ground-based 
experiments will be more sensitive to smaller 
ones. “Each has its niche where it offers 
more than the other,’ Carlstrom says. 

The future of CMB space missions may 
depend on Planck’s and its rivals’ at least 
glimpsing the B modes. Researchers are 
already planning more-sensitive spacecraft, 
but “if we do not find that signal, then I do not 
know how strong the argument will be to go 
that next step,” says Jan Tauber, Planck project 
scientist at ESA in Noordwijk, Netherlands. 
Among CMB studies, Planck should be either 
a very good satellite or a great one. If it’s not a 
great one, it might also be the last of them. 
—-ADRIAN CHO 
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BIOFUELS 


Corn-Based Ethanol Flunks Key Test 


In setting state rules for low-carbon fuels, California officials have calculated that 


corn ethanol is worse than gasoline 


A California regulatory agency charged with 
reducing greenhouse emissions from the 
state’s cars has embraced a controversial 
approach for determining the true environ- 
mental impact of alternative transportation 
fuels. Its analysis could have broad implica- 
tions for the future of corn-based ethanol or 
other fuels grown on U.S. cropland. 

Last week, the California Air Resources 
Board (CARB) adopted a low-carbon fuel 
standard that requires greater use of fuels that 
cause lower greenhouse emissions, compared 
with gasoline (see graph). Corn-based ethanol 
doesn’t meet that test and won’t benefit from 
the new standard, CARB says, because divert- 
ing corn into ethanol production increases 
deforestation and the clearing of grasslands. 

The biofuels industry has attacked the 
board’s methodology, as well as similar con- 
clusions in a regulation drafted last year by 
the U.S. Environmental Protection Agency 
(EPA) that is under review by the Obama 
Administration. Matt Hartwig, a spokesperson 
for the Renewable Fuels Association in 
Washington, D.C., says the California regu- 
lation will “have a tremendously chilling 
effect on future investment.” 

But such a pullback would please Timothy 
Searchinger, a biofuel critic at Princeton 
University. Searchinger says that much of 
the claimed environmental benefit from bio- 
fuels depends on “an accounting error. They 
treat land as free.” 

The debate was once confined to the 
pages of scientific publications. For exam- 
ple, Searchinger has found that corn ethanol 
produces twice the greenhouse gas emis- 
sions of gasoline, for every mile driven, 
once emissions from land conversion 
are counted (Science, 29 February 2008, 
p. 1238). Searchinger used a global model of 
agriculture to calculate the effects of 
increasing ethanol production. (About one- 
quarter of this year’s U.S. corn crop will be 
turned into ethanol.) The model indicates 
that if U.S. farmers devote more land to 
growing corn for ethanol, food prices would 
increase, leading farmers around the world 
to convert grasslands and forests into crops. 
That shift, in turn, would release large 
amounts of greenhouse gases. 

But other researchers expect farmers 
and agribusinesses to respond to higher 
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food prices in less destructive ways. They 
foresee innovations that increase yields on 
existing land. 

Government efforts to promote alterna- 
tive fuels are now drawing regulators into 
the crossfire. California’s new low-carbon 
fuel standard will require a 10% reduction 
in greenhouse gas emissions from the aver- 
age liter of transportation fuel by 2020. To 
calculate that reduction, CARB’s staff 
measured the “carbon intensity” of alterna- 
tive fuels, including likely emissions from 
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The analyses have infuriated biofuel advo- 
cates, who last week condemned the board’s 
methodology as unfair, artificial, and lacking 
any real-world data. More than 100 scientists, 
many of them involved in biofuel research, 
have told CARB that the science of estimating 
emissions from land conversion is “far too 
limited and uncertain” to use in regulations. In 
Congress, a dozen farm-state senators want 
EPA to halt any effort to calculate the green- 
house effects of land-use change caused by 
biofuels. “It defies common sense that EPA 
would publish a proposed rulemaking with 
harmful conclusions for biofuels based on 
incomplete science and inaccurate assump- 
tions,” said Senator Charles Grassley 
(R-IA) in March. 

CARB, for now, is sticking to its guns. “We 
feel that our recommended value [for green- 
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Degrees of green. California officials say today’s ethanol is no better than gasoline, but they're banking on 


cleaner biofuels by 2020. 


the ripple effects of biofuel production on 
global agriculture. At the federal level, 
a 2007 law requires EPA to calculate the 
“life cycle greenhouse gas emissions” of 
renewable fuels, to make sure they meet 
minimum standards. 

CARB relied on a model, developed by 
researchers at Purdue University, that con- 
cluded that corn-based ethanol produces 
slightly greater greenhouse emissions than 
does gasoline, with about 30% of those 
emissions occurring as farmers clear land 
for crops. 

EPA has not yet released its studies, but 
some who have been briefed on them say the 
agency anticipates an even larger area of the 
world’s forest and grassland being converted 
into food and ethanol production. Ethanol 
receives a better overall grade, however, 
because EPA assumes that current ethanol 
refineries are more efficient. 
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house emissions from land-use change] is 
very reasonable,” said CARB staffer Wes 
Ingram. However, the board promised a full 
review of the issue in January 2011, | year 
before the regulation takes effect. 

Searchinger, for one, thinks that CARB’s 
estimate is too low. He points out that 
CARB’s model predicts that higher prices 
would lead to less food produced globally, 
which he says probably means more hunger. 
Efforts to avoid that fate would increase 
greenhouse emissions, he says. 

Bruce Babcock, an economist at Iowa 
State University in Ames who is working with 
EPA, says broader consideration of land-use 
decisions could spark new controversies. The 
best way to reduce the clearing of land for 
crops, says Babcock, would be to impose a tax 
on meat consumption. “If we all turned into 
vegetarians, we could get by on one-tenth of 
the land,” he says. —-DAN CHARLES 
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Civilization’s Cost: The Decline 
and Fall of Human Health 


When humans were freed from searching 
for food from dawn to dusk, they finally had 
time to build cities, create art, and even 
muse about the gods. Agriculture and cities 
made human life better, right? Wrong, say 
archaeologists who presented stunning new 
evidence that most people’s health deterio- 
rated over the past 3000 years. ““We docu- 
ment a general decline in health across 
Europe and the Mediterranean,” says bioar- 
chaeologist Clark Spencer Larsen of Ohio 


Bad back. The rise in tuberculosis in the Middle Ages 
left its mark on the spine of this English skeleton. 


State University in Columbus. He’s a co- 
investigator of the European Global History 
of Health Project, an ambitious new effort to 
study the health of Europeans during the 
past 10,000 years. 

Most bioarchaeology studies tend to tell 
the tale of illness and death of people from a 
single site, such as a burial pit for plague vic- 
tims or an ancient cemetery. Larsen’s project 
is one of the first—and the largest—to try to 
reveal broad trends by assembling standard- 


ized data from large samples. In a series of 
posters, the team presented the first analysis 
of data on 11,000 individuals who lived from 
3000 years ago until 200 years ago through- 
out Europe and the Mediterranean. “This is a 
real tour de force,” says bioarchaeologist 
George Armelagos of Emory University in 
Atlanta, after reviewing the posters. 

The project has taken 8 years and $1.2 mil- 
lion to organize so far. The goal was to pool 
72 researchers’ data on standardized 
indicators of health from skeletal 
remains, including stature, den- 
tal health, degenerative joint 
disease, anemia, trauma, 
and the isotopic signa- 

tures of what they ate, 
says project leader 
Richard Steckel of Ohio 
State. They also gathered data 
on settlement size, latitude, 
and socioeconomic and subsis- 
tence patterns so that they could 
compare rich and poor, urban and 
rural, farmers and hunter-gatherers. 
They found that the health of many 
Europeans began to worsen markedly about 
3000 years ago, after agriculture became 
widely adopted in Europe and during the rise 
of the Greek and Roman civilizations. They 
document shrinking stature and growing 
numbers of skeletal lesions from leprosy and 
tuberculosis, caused by living close to live- 
stock and other humans in settlements where 
waste accumulated. The numbers of dental 
hypoplasias and cavities also increased as 
people switched to a grain-based diet with 
fewer nutrients and more sugars. 

The so-called Dark Ages were indeed 
grim for many people who suffered from 
more cavities, tooth loss, rickets, scurvy, and 
bone infections than had their ancestors liv- 
ing in hunter-gatherer cultures. People 
became shorter over time, with males shrink- 
ing from an average of 173 centimeters in 
400 B.C.E., for example, to 166 centimeters 
in the 17th century—a sure sign that chil- 
dren who were not members of the elite 
were eating less nutritious food or suffering 
from disease. 

Why would people want to settle in towns 
or cities if it made them sick? One answer is 


that settlers suffered less bone trauma than 
nomadic hunter-gatherers, suggesting to 
Steckel that they might have felt safer in vil- 
lages and, later, towns where an emerging 
elite punished violent behavior—but also 
controlled access to food. 

The social and political inequities in 
urban centers meant that for nonelites, mov- 
ing into cities was “almost a death sentence” 
for centuries, notes Armelagos. In the Middle 
Ages, people in the countryside were gener- 
ally taller than people in cities. 

After a long, slow decline through the 
Middle Ages, health began to improve in the 
mid-19th century. Stature increased, proba- 
bly because of several factors: The little Ice 
Age ended and food production rose, and 
better trade networks, sanitation, and medi- 
cine developed, says Steckel. But take heed: 
Overall health and stature in the United 
States has been declining slightly since the 
1950s, possibly because obese Americans 
eat a poor-quality diet, not unlike early 
farmers whose diet was less diverse and 
nutritious than that of hunter-gatherers. By 
understanding how disease and malnutrition 
spread in the past, researchers hope to apply 
those lessons in the future. “Our goal is to 
understand the health context for what we 
have today,” says Larsen. -A.G. 


Of Tools and Tubers 


Iftools make the man, then sharp, durable tools 
make an even handier man or woman. That 
knowledge was not lost on our ancestors as 
early as 2 million years ago, according to anew 
analysis of stone tools and bones left behind 
near Lake Victoria in Kenya. At the Paleo- 
anthropology Society gathering, which met 
concurrently with the larger meeting, 
researchers reported that at this early date 
humans purposely selected the highest- 
quality stone and transported it more than 
13 kilometers to an animal butchery site. A 
collaborating team also reported that these 
early humans, presumably Homo habilis or 
early H. erectus, used tools not only to 
deflesh carcasses but also to slice tuberous 
roots, possibly a key part of their diet. 

These tools, found at the site of Kanjera 
South in Kenya, are not the oldest known, 
which date back to 2.6 million years ago in 
Ethiopia. But they are “the first evidence that 
[early humans] were not just using tools to eat 
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Reproductive Fate Versus Environment 


Women’s fertility is determined in large part at 
birth. They are born with their total number of 
ovarian follicles, for example, which normally 
influences the age at which menopause begins. 
But in the 1990s, researchers proposed that if a 
child’s energy is depleted by malnutrition, dis- 
ease, or other factors, he or she would be less 
fertile as an adult. By using the natural experi- 
ment of migration, researchers demonstrated in 
a talk how differences during childhood do 
indeed alter the course of reproduction in adult 
women. 

Biological anthropologist Gillian Bentley of 
Durham University in the United Kingdom and 
colleagues compared levels of reproductive hor- 
mones in 250 Bangladeshi women, including 
women who migrated from Sylhet, Bangladesh, 
to London; women who stayed in Sylhet; and 
Bangladeshi women born in London. In the first 
stage of their study, Bentley and Alejandra 
Nufez-de la Mora of Durham University found 
that women who migrated from Bangladesh as 
children had higher levels of the hormone prog- 
esterone in their saliva than women who lived in 
Sylhet, but less than women born in London. 
This had a direct effect on fecundity: Migrant 
women in London had an 11% higher rate of 
ovulation during their lives than did women in 
Sylhet, the team reported in 2007. “We're 
beginning to see how the ovaries get feedback 


from the environment” to determine how many 


meat but to process plants, and possibly wood- 
working,” observes paleoanthropologist Alison 
Brooks of George Washington University in 
Washington, D.C. “This shows dietary diver- 
sity and the investment of energy to have the 
best tools to enhance that diversity.” 
Paleoanthropologists Thomas Plummer of 
Queens College in New York City and David 
Braun of the University of Cape Town in South 
Africa found that one-third of the stone tools at 
Kanjera were made of durable stone, such as 
quartzite and rhyolite, that came from at least 
13 kilometers away. The team tested the stone 
for durability and ease of flaking 
and found that the imported stone 
kept a sharp edge far longer than 
did the site’s local limestone. “This 
suggests [early humans] are being 
selective and that the quality of the 
lithics is important. Otherwise, 
why transport it?” says Plummer. 
To find out just what early 
Homo was doing with the tools, 
Plummer enlisted archaeologist 
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Thirst quencher. Hadza hunter- 
gatherers dig tubers for water. 


eggs are allowed to mature, says anthropol- 
ogist Benjamin Campbell of the University 
of Wisconsin, Milwaukee. 

The team has now studied 900 women 
between the ages of 35 and 60 to see if the 
onset of menopause varies between 
migrants and women in Sylhet. Bentley pre- 
sented preliminary results from their meas- 
urement of hormones that regulate the mat- 
uration of ovarian follicles and are indirect 
indices of how many ova they can still pro- 
duce. Her team found that women who 
migrated as adults had higher levels of 
inhibin B and anti-Millerian hormone in 
their blood than women in Sylhet did but 
less than women born in London. This sug- 
gests that migrants enter menopause later 
than did women who stayed in Bangladesh 
but earlier than did those born in London. 
“The adult migrants seem to be sensitive to 
improved conditions,” says Bentley. 

The group is trying to find out which 
environmental factors in Bangladesh lower 
growing girls’ fertility. All the Bangladeshi 
women in the study came from middle-class, 
land-owning families, who grew up with ade- 
quate calories. However, girls growing up in 
Bangladesh were probably exposed to more 
infectious diseases, including parasitic worms, 
during crucial developmental years. So, they 
may have had to make tradeoffs among using 


Cristina Lemorini of the University of Rome, 
“La Sapienza.” She studied replicas of the Kan- 
jera tools, made with the same kinds of stone, 
that modern Hadza hunter-gatherers of Tanza- 
nia had used to butcher animals, process wild 
tubers, cut grass, and work wood. Then, using 
confocal and metallographic microscopes, she 
compared patterns of wear on the edges of the 
Kanjera tools with those on the replicas. She 
reported that the ancient tools had telltale signs 
of being used to process plant materials, such 
as cutting grass, and the distinct striations 
made by sediment as tools were used to clean 
and section fibrous tubers. 
She also saw patterns 
consistent with deflesh- 
ing carcasses and wood- 
working, possibly to make 
wooden tools. 
Researchers have pro- 
posed before that early 
humans relied on tuberous 
root vegetables as an 
important fallback food 
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Fertile soil? Bangladeshi women who live in London 
are more fertile than those in Bangladesh. 


energy to grow, to maintain their bodies, or to 
maximize their reproductive potential as adults. 
Bentley plans to test that idea next year when 
her team returns to Bangladesh to see if girls 
there suffer from more diseases than do those in 
London. “In other words,” says Bentley, “where 
you spend your childhood influences adult 
reproductive function.” -A.G. 


(Science, 7 October 2005, p. 46), but they 
lacked direct evidence and so have failed to 
convince skeptics. In a separate talk at the 
meeting, anthropologist Margaret Schoeninger 
of the University of California, San Diego, 
offered a new reason why tubers might have 
been important: as a source of water. 

In a study of the Hadza, Schoeninger 
found that they chewed tuberous roots such as 
panjuko and makaritakos. But they didn’t 
swallow the fibrous wad, which would yield 
few calories. Instead, they spit it out, appar- 
ently after sucking the liquid out of the tubers, 
which are 80% water. Schoeninger suggests 
that tubers were portable canteens as well as a 
fallback food. “Tubers could have provided 
much-needed water as our ancestors moved 
into open, more seasonal environments,” she 
says. One test of this idea would be to see if 
other hunter-gatherers also quench their thirst 
with starchy tubers, says Brooks. For now, it 
seems that sharp tools helped humans 
develop two distinct dietary tastes, for meat— 
and root vegetables. —ANN GIBBONS 
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Iraq Study Failed Replication Test 


]. BOHANNON, IN HIS NEWS OF THE WEEK STORY “AUTHOR OF IRAQI 
deaths study sanctioned” (6 March, p. 1278), quotes Les Roberts, a coauthor 
of the controversial Lancet survey (/) that estimated 601,000 violent deaths 
during the first 3.3 years of the Iraq war. Roberts emphasizes that the key to 
verifying the study’s findings lies in replication. 

The Lancet survey has already failed a replication test (2): The 
World Health Organization (WHO) published the results of its Iraq 
Family Health Survey (IFHS) in 2008 (3). This was a rigorous, well- 
supervised, and much larger survey than the Lancet study, and it esti- 
mated 151,000 violent deaths, compared with 601,000 violent deaths 
estimated by the Lancet survey for almost precisely the same time 
period. The IFHS ground activities are documented on the IFHS Web 
site (4), which provides the questionnaire in English and Arabic, along 
with extensive information on the sample design and the field work. In 
contrast, the lead author of the Lancet survey has just been censured by 
the American Association for Public Opinion Research for repeatedly 
refusing to disclose the corresponding information for his survey (5). In 
fact, the rigor of the ground activities for the Lancet survey was so lax 
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Civilian casualties. A U.S. medic holds 
an injured Iraqi boy in the 28th Combat 
Support hospital in Baghdad. Controversy 
continues over a 2006 report recording the 
number of Iraq war violent deaths. 


that the U.S.-based authors, who never 
entered Iraq at any stage of the study, 
only discovered that the field workers 
had implemented an incorrect and 
unethical data entry form after the field 
work had been completely finished (6). 

MICHAEL SPAGAT 


Department of Economics, Royal Holloway College, 
University of London, Egham, Surrey TW20 OEX, 
UK. E-mail: M.Spagat@rhul.ac.uk 
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Iraq Study Response 
Lacks Objectivity 


IF THE OBJECT OF GILBERT BURNHAM &7 AL.'S 
study (/) had been a risk factor for cardiovascu- 
lar disease instead of the health effects of the 
Traq war, scientists might have objectively and 
systematically reviewed the strengths and 
weaknesses of each study and, if warranted, 
attempted to obtain stronger evidence. Instead, 
the tone and content of scientific discourse and 
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media reporting around Iraq mortality has 
achieved little beyond casting a shadow of irra- 
tional suspicion over Burnham et al.’s estimates 
(“Author of Iraqi deaths study sanctioned,” J. 
Bohannon, News of the Week, 6 March, p. 
1278), which may be subject to important 
biases, but are far from implausible. This is a 
disservice to the Iraqi people, all the more 
given the scarcity of data on population health 
in Iraq. Indeed, the main aim of some critics 
seems to have been to disprove Burnham et al.’s 
alarmingly high estimates at all costs (2-4), 
rather than to generate better data. 

Accurate estimation of Iraqi civilian 
deaths following the 2003 invasion is of 
utmost importance. Aside from an undisci- 
plined, unconstructive dispute over one study, 
science and civil society have done shock- 
ingly little to achieve this aim. 

FRANCESCO CHECCHI 


Department of Infectious and Tropical Diseases, London 
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Confronting Racism 


IN THEIR REPORT (“MISPREDICTING AFFEC- 
tive and behavioral responses to racism,” 
9 January, p. 276), K. Kawakami et al. showed 
that non-black research participants (termed 
“experiencers”) did not respond particularly 
negatively when they heard a white person 
make a racist comment about a black person. 
In contrast, other participants required to 
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forecast what their responses would be in this 
situation (“forecasters”) predicted relatively 
more emotional distress and social rejection in 
response to the racist comment. I would like to 
offer my interpretation of their findings. 
Experiencers may have reported not 
their initial reaction, but an emotional state 
resulting from their efforts to cope with a 
stressful situation. Especially in unfocused 
interpersonal situations (e.g., in a waiting 
room or elevator), tolerant or egalitarian 
people attempt to cope with their automatic 
responses to others perceived as deviant by 
controlling and concealing these responses. 
This process tends to result in heightened 
self-consciousness, tension, and awkward- 
ness, which may not be visible in self- 
reported emotions (/). Hearing the racist 
remark could considerably add to the experi- 


enced stress and perhaps the resulting regula- 
tory efforts. Hence, experiencers may not be 
as indifferent to the racist comment as they 
seemed, and forecasters may not have been as 
inaccurate as suggested by Kawakami et al. 

Furthermore, experiencers may not have 
confronted the person who made the remark 
because they feared retaliation or the return 
of the victim. Kawakami et al. found that 
reported distress in relation to the racist 
comment was positively related with seek- 
ing contact with the black victim, evidence 
that experiencers may have been motivated 
by protective tendencies. 

In modern Western society, tolerant and 
generally caring individuals are trained to 
look the other way when confronted with 
deviance, and hence may feel overwhelmed 
when confronted with racist or other hurtful 


acts. To combat this, we should work to pro- 
vide people with effective coping strategies 
rather than making them more aware of their 
apparent failure to predict their own emo- 
tional reactions. ANTON J. M. DIJKER 


Faculty of Health, Medicine, and Life Sciences, Maastricht 
University, Post Office Box 616, 6200 MD Maastricht, 
Netherlands. E-mail: a.dijker@gvo.unimaas.nl 
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Response 

DIJKER PROPOSES THAT AFTER BEING EXPOSED 
to a racist comment, people may feel uncertain 
and overwhelmed, spurring emotion regulation 
processes that lead them to report feeling 
unperturbed. Recent findings on implicit 
prejudice, however, suggest that because the 
majority of people hold negative nonconscious 
attitudes toward blacks (/, 2), they would not 
be upset by a negative racist act. Nonetheless, it 
is difficult to rule out the possibility in our 
studies that witnessing racism provoked a brief 
flash of intense distress that was subsequently 
inhibited. Even so, any initial distress (if it 
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existed) had disappeared without a trace by the 
time participants reported their feelings, just 
moments after they heard the comment, and 
whatever initial distress was experienced did 
not deter participants from choosing to work 
with the person who made the racist comment 
(compared to a “no comment” control condi- 
tion). Indeed, research on affective forecasting 
suggests that people are often able to come to 
terms with an upsetting situation within sec- 
onds of the event in a largely automatic fashion 
(3). Although it is important to test the possibil- 
ity that people regulate their initial emotional 
responses upon hearing a racist comment (4), 
in the absence of such evidence, it is more par- 
simonious to assume that little distress was 
experienced than to posit that distress appeared 
and then disappeared. 

Dijker also notes that people sometimes 
fail to confront racism because of potential 
costs, such as a fear of retaliation. Although 


we agree that such costs can reduce willing- 
ness to confront racism in daily life, for 
methodological reasons this explanation does 
not readily apply to our context, which allowed 
participants to express their disapproval indi- 
rectly. In our procedure, privately reporting 
distress on an anonymous emotion survey did 
not carry obvious costs and thus should not be 
influenced by fear of retaliation. Furthermore, 
the fact that lower levels of reported distress 
accounted for participants’ tendency to select 
the white over the black partner is inconsistent 
with the notion that this choice was driven by 
a fear of retaliation. If fear of retaliation led 
participants to select the white partner, higher 
levels of upset would be expected to predict 
selection of the white over the black partner, 
but we found just the opposite. 

We wholeheartedly agree with Dijker 
about the importance of discovering new 
interventions to ease the burden of prejudice. 


CORRECTIONS AND CLARIFICATIONS 
Editors’ Choice: “One shell fits all” (23 January, p. 438). The image accompanying the text was mislabeled. The image 
shows voids in the cancellous interior of the turtle shell that contain hematopoietic cells. 


Perspectives: “Ex uno plura” by S. Feau and S. P. Schoenberger (23 January, p. 466). Emma Teixeiro’s name was misspelled 


both in the first paragraph and in reference 2. 


However, we do not agree with his assumption 
that making people aware of their tacit accept- 
ance of racism may hurt—not help—these 
efforts. Indeed, many current models of preju- 
dice reduction propose that awareness of one’s 
biases is a critical first step to addressing the 
problem (5, 6). 
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FILM: ENVIRONMENT 


Three Takes on People and Water 


Capital offered Washington, D.C., viewers a very wide range 

of topics. Many showings examined environmental issues 
(Jan Connacher’s Addicted to Plastic) or celebrated nature (Dereck 
and Beverly Joubert’s Eye of the Leopard). Others—such as Richard 
Rifkind and Carole Rifkind’s Naturally Obsessed: The Making of a 
Scientist (screened at AAAS headquarters) and David Conover’s 
Cracking the Ocean Code (on Craig Venter’s global voyage)— 
highlighted the pursuit of research. The oceans and their (often- 
threatened) life were the focus of a series of films that also included 
a 1929 adaptation of Jules Verne’s The Mysterious Island starring 
Lionel Barrymore. Several screenings were world or U.S. pre- 
mieres, and the organizers arranged a retrospective of 12 movies by 
Werner Herzog. Short descriptions of all 135 films are still available 
at www.dcenvironmentalfilmfest.org/films.php. Here we consider 
three that explore aspects of people’s relations with water. 


T< 17th annual Environmental Film Festival in the Nation’s 


Blue Gold: World Water Wars. 
Sam Bozzo, Director. Purple Turtle 
Films, Canada, 2008. 90 min- 
utes. DVD, $24.95, C$34.95. www. 
bluegold-worldwaterwars.com. 

Sam Bozzo’s award-winning 
Blue Gold addresses an impor- 
tant topic. Many in the devel- 
oped world (certainly in the 
United States) take water for 
granted in the same way that 
they take the air they breathe 
for granted. However, as the 
film makes clear, water is in- 
creasingly being treated as a commodity, like oil, and people are losing 
the rights to it within their own countries and for their own land. 

Bozzo begins by presenting basic facts and answering fundamental 
questions such as why the water cycle we learned about in elementary 
school isn't enough to keep our water supplies stable. 
The film paints a grim picture of the politics sur- 
rounding the exploitation of water resources. 
From Grenoble to Atlanta, government representa- 
tives have been accused of taking bribes to support 
the privatization of water supplies. The World Bank 
has made such privatization a condition for debt 
relief. Violence has broken out, as in Cochabamba, 
Bolivia, where even the rainwater was privatized. 

The movie is not without flaws. It is fairly one-sided, 
and, in covering a lot of ground, it makes some sweep- 
ing generalizations. Nonetheless, it is packed with ver- 
ifiable stories and facts. 

In a postscreening discussion, Bozzo explained that 
he had originally planned a sequel to The Man Who Fell 
to Earth (which is about an alien race trying to get 
Earth's water). For background, he read Maude Barlow 
and Tony Clarke’s Blue Gold: The Fight to Stop the 
Corporate Theft of the World's Water. Horrified about 
the lack of coverage of the situation, he gave up fiction 
and turned to documentary. —Barbara R. Jasny 
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Legacy of the Great Aletsch. Nick Brandestini and Steve Ellington, 
Directors. Switzerland, 2008. 52 minutes. www.aletschfilm.com. 

Nearly 23 km long and 
reaching a thickness of almost 
1000 m, the Great Aletsch is the 
largest glacier in the Alps. In the 
past 150 years, it has retreated 
some 3 km and its surface fallen 
by more than 100 m. But the 
effects and threats of climate 
change form only one of the 
strands Brandestini and Ellington 
weave around their descent of 
the glacier (beginning from 
the highest railway station in 
Europe). Martin Nellen (their mountain guide) and Art Furrer (a renowned 
freestyle skier turned hotelier) recount personal experiences 
and describe the glacier and the influences it has had on 
them and other local residents—such as traditional fears 
that the purgatorial souls of the dead emerge at night to trod 
the surface of the ice. Additional perspectives and memories 
are provided by a geologist (who has reconstructed previous 
waxing and waning of the glacier), a Pro Natura naturalist, 
a hydroelectrical engineer, a glacial pilot, a Greenpeace 
activist, students, and tourists. 

The film contains many striking images of the spectacular 
landscapes of Switzerland's Jungfrau-Aletsch-Bietschhorn 
region (a UNESCO World Heritage site). Viewers may, how- 
ever, find themselves more fascinated by the stories of peo- 
ple who live with these mountains. —Sherman J. Suter 


Onze Kost [Our Coast]. Ireen van Ditshuyzen, Director. IDTV-DITS, 
Netherlands, 2005. 78 minutes. DVD, €25. www.idtvdocs.nl. 

The Dutch have long toiled to reclaim and protect their lands from the sea. 
They remember drowned villages, shifting islands, and disasters such as the 
floods of 1953. Thus, it is no surprise that pro- 
posals to cut notches in seashore dunes or adopt 
other practices of dynamic coastal management 
lead to heated discussions. Onze Kust is the 
result of a seven-year project that documentary 
film-maker Ireen van Ditshuyzen embarked on 
after controversy arose in her own neighbor- 
hood. Piotr Kukla‘s cinematography presents the 
beauty of beaches, dunes, grasses, and waves. 
Coastal dwellers and workers recall their experi- 
ences and fears. Citizens clash with policy- 
makers at public hearings. The film mixes these 
scenes with historical footage to explore how the 
Dutch live with their coast. It offers multiple per- 
spectives on such questions as how hard should 
people try to resist the sea and how can the goals 
of nature conservation and coastal protection be 
reconciled. (The film, without English subtitles, 
can be viewed at http://player.omroep.nl/aflid= 
2337934.) —Sherman J. Suter 
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Reducing the Risks of the 


Wildlife Trade 


Katherine F. Smith,"2* Michael Behrens,’ Lisa M. Schloegel,24 Nina Marano,} Stas Burgiel,® 


Peter Daszak2* 


The magnitude of the international wildlife 
trade is immense, with estimates of billions of 
live animals and animal products traded glob- 
ally each year (/, 2). This trade has facilitated 
the introduction of species to new regions, 
where they compete with native species for 
resources, alter ecosystems, damage infra- 
structure, and destroy crops (/, 3). It has also 
led to the introduction of pathogens that 
threaten public health, agricultural produc- 
tion, and biodiversity (/, 4). 

The 2003 outbreak of monkeypox virus in 
the United States illustrates the public health 
risks associated with live wildlife importation. 
Human infections resulted from contact with 
pet prairie dogs infected with monkeypox by 
African rodents imported for the pet trade 
(5—7). The monkeypox outbreak resulted in 72 
human cases (8). The Centers for Disease 
Control and Prevention (CDC) and Food and 
Drug Administration issued regulations that, 
by November 2003, restricted both domestic 
trade in, and importation of, African rodents. 

Nearly all government initiatives to regu- 
late live wildlife imports have been reactive, 
focusing on detecting and preventing the 
spread of nonnative species already estab- 
lished (9) or initiated as an urgent response to 
an emerging public health issue (/0). Current 
regulations are inadequate to accurately assess 
the diversity of wildlife imported or the risk 
they pose as invasive species or hosts of harm- 
ful pathogens. We obtained and analyzed all 
Law Enforcement Management Information 
System (LEMIS) shipment records gathered 
by the U.S. Fish and Wildlife Service 
(USFWS) for live wildlife imports and 
exports for the period 2000-06 (1). Whereas 
shipment data allow us to quantify the origin, 
source (wild versus captive), purpose, and 
diversity of taxonomic groups in the U.S. 
wildlife trade (//), the number of individuals 
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10001, USA. ?Pacific Lutheran University, Biology, Tacoma, 
WA 98447, USA. ‘Kingston University, School of Life 
Sciences, Surrey, KT1 2EE, UK. °Centers for Disease Control 
and Prevention, Atlanta, GA 30333, USA. °Global Invasive 
Species Programme, Alexandria, VA 22301, USA. 


*Authors for correspondence. E-mail: katherine_smith@ 
brown.edu and daszak@wildlifetrust.org 


1204 


I Specimens 
0) Shipments 
100 4 
cy wn 
io z 
= 150 2 
= 3. 
uv = 
E Ss 
2404 100ns, 
a 
204 50 


2000 2001 2002 2003 2004 2005 2006 


Importation of wildlife into the United States, 
most with scant identification, brings an 
increased threat of disease and introduction 
of invasive species. 
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Imported wildlife. (Top, left) Numbers of shipments and individual live wildlife specimens imported into the 
United States, for the period 2000-06 (11). Annual shipments have increased significantly over the period of 


the study (R? = 0.76, F, . 


= 16.216, P= 0.010). (Top, right) Percentage of live wildlife shipments imported for 


the period 2000-06 that were identified to a given taxonomic level. (Bottom, left and right) Percentage of live 
animal specimens (left) and shipments (right) depicted by taxonomic class or phylum, imported into the United 
States for the period 2000-06. LEMIS records place marine and freshwater fishes under the label “Pisces.” Null 


refers to a shipment with no taxonomic information. 


in each shipment reveals the extraordinary 
magnitude of wildlife traded by the country. 
Over halfa million shipments of wildlife con- 
taining >1.48 billion live animals have been 
imported by the United States since 2000 (see 
figure, top left). The number of shipments 
has increased significantly over this time, 
although the number of individuals shipped 
has not. With each shipment representing a 
potentially different origin, this suggests 
a growing threat. The majority (92%) of 
imports were designated for commercial pur- 
poses, largely the pet trade. Nearly 80% of 
shipments contained animals from wild pop- 
ulations, the majority of which have no 
mandatory testing for pathogens before or 
after shipment. Over 69% of live animal 
imports originated in Southeast Asia, which 


is considered a hotspot for emerging zoonotic 
diseases (/2) (table S1). Cnidarians (e.g., 
coral) and fish, respectively, made up the 
greatest proportion of imported shipments 
and individual animals, although all major 
taxonomic groups were imported (see figure, 
bottom). 

Despite mandated labeling of imported 
animals to species (50 Code of Federal 
Regulations 14) (/3), the majority of shipment 
records did not contain the appropriate level of 
taxonomic information (see figure, top right), 
and almost one-third (31.1%) of imported 
shipments were identified with commonly 
used labels such as “marine fish,” “live inver- 
tebrate,” or “non-CITES” (that is, not subject 
to the Convention on International Trade in 
Endangered Species of Wild Fauna and Flora 
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or CITES). USFWS is charged with record- 
keeping of live wildlife imports at U.S. ports of 
entry [Endangered Species Act, 16 USC 
1538(e)]. Port officers have the authority to 
detain or refuse shipments if the required doc- 
umentation is missing or incomplete. The poor 
reporting of taxonomic status we find in the 
LEMIS database suggests a need to tighten 
protocols and makes it impossible to fully 
assess the biological diversity of wildlife enter- 
ing the United States. 

There is currently no coordinated national 
strategy, legislative authority, or funding 
devoted to oversight of the live wildlife trade. 
Scientific risk analysis of imported taxa, at the 
level of genus or species, would provide a con- 
siderable advance in assessing the threat that 
imported wildlife pose as invasive species or 
pathogen reservoirs. However, this is impossi- 
ble given the current state of record-keeping. 
Correcting this problem would be a major first 
step toward risk analysis and reduction. 

Risk analysis, as defined by the Convention 
on Biological Diversity (CBD), involves as- 
sessing the consequences of introduction, the 
likelihood of establishment of nonnative 
species, and the identification of measures to 
reduce or manage these risks, taking into 
account socioeconomic and cultural consider- 
ations (/4). Effective risk analysis would 
require participation from all stakeholders, 
including the pet industry, and would need to 
be quantitative, to incorporate recently pub- 
lished data, and to include cost-benefit analy- 
ses of the economic and social benefits of 
wildlife ownership and trade. Findings could 
be used to rank threat levels for imported taxa 
and to prioritize those requiring more research 
or regulation, such as an importation ban. 

Risk analysis based on the CBD definition 
would add balance to the Nonnative Wildlife 
Invasion Prevention Act (H.R. 669), the most 
recent proposal to improve U.S. regulation of 
wildlife importation. In its current form, H.R. 
669 does not consider the economic benefits 
of wildlife trade. We argue that it should. H.R. 
669 requires evaluation of the threat imported 
wildlife species pose as invasive species or 
carriers of known pathogens before importa- 
tion. It proposes creation of lists of species 
“approved” or “unapproved” for import. 
Although the Act recognizes that there are 
species for which adequate scientific and 
commercial evidence is not yet available to 
make an evaluation of import risk, it does not 
stipulate how such species should be handled. 
For these species, we propose that H.R 669 
should require their temporary placement ona 
“gray list.” These gray-listed species should 
receive priority funding for risk analysis. It is 
currently impossible to know the proportion 
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of species that would be on such a gray list. 
Until we begin evaluating the species pro- 
posed for import, it will not be clear which 
have adequate information for risk analysis 
and which do not. 

Realistically, scientific information on the 
environmental, health, and economic impacts 
of many species in the trade is likely to be min- 
imal. To support fair commerce we propose 
that, until scientific findings are released, 
gray-listed species that have been previously 
imported should be provisionally approved, 
whereas newly proposed species should 
be restricted. This would enable a flexible 
approach to the management of these species 
as additional information is collected. 

H.R. 669 could be used immediately to deal 
with many traded species that have been fully 
researched by the scientific community. For 
example, some imported amphibians are 
reservoirs of a fungus (Batrachochytrium den- 
drobatidis) that causes chytridiomycosis, a 
lethal disease to many amphibians, and the 
cause of recent extinctions (/5). There is excel- 
lent science identifying amphibian species that 
are likely carriers (16), which could be used to 
conduct adequate risk analysis. 

To further reduce the risk of pathogen 
introduction via the wildlife trade, we believe 
measures should include third-party screen- 
ing of selected species for high-priority dis- 
eases before importation—a measure not 
covered by H.R. 669. Screening would be 
improved by the development and/or valida- 
tion of testing tools [e.g., MassTag PCR 
(multiple tag—based DNA amplification with 
the polymerase chain reaction), viral and 
panmicrobial microarrays, and high-through- 
put sequencing]. On an international scale, 
implementation should include groups that 
monitor or control the spread of nonnative 
hosts and pathogens to new regions such 
as the Invasive Species Specialist Group, 
Global Invasive Species Information Net- 
work, Food and Agriculture Organization 
of the United Nations, World Health 
Organization, Office International des Epi- 
zooties (OIE), nongovernmental organiza- 
tions specializing in biodiversity conserva- 
tion and health and others—perhaps working 
through a single intergovernmental agency. 

Implementation of these measures can 
occur in a way that supports the healthy trade 
of wildlife, rather than acting as an economic 
hindrance to trade stakeholders. It could use 
the OIE’s approach, which provides incentives 
(the declaration of disease-free status) to trad- 
ing nations. This would likely promote ex situ 
captive-breeding of frequently traded ani- 
mals, reducing pressure on wild populations 
and the risk of disease introduction. 
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Voluntary measures to reduce risk have 
been proposed. CDC’s “Healthy Pets, Healthy 
People” Web site advises pet owners about 
zoonotic diseases associated with some wild- 
life (www.cdc.gov/healthypets). The Pet Indus- 
try Joint Advisory Council (www.pijac. 
org) promotes a National Reptile Improve- 
ment Plan, encouraging importers to screen 
animals for ticks. Such voluntary regula- 
tory measures are a useful, but not a com- 
plete, solution and they need to include 
trade stakeholders, and to be independently 
assessed to determine success. 

Collectively, risk analysis on wildlife 
species in trade, preborder pathogen screen- 
ing, and voluntary support should go a long 
way to reducing costs associated with species 
invasion [estimated at $120 billion per year in 
the United States (/7)] and to protect public, 
environmental, and animal health. 
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HISTORY OF SCIENCE 


Alexander von Humboldt and 
the General Physics of the Earth 


Stephen T. Jackson 


s scientists are celebrating the 200th 
Ames of Charles Darwin’s birth 
and the 150th anniversary of the pub- 
lication of his On the Origin of Species, 
Darwin’s ideas continue to shape and enrich 
the sciences (/). 6 May 2009 marks the 150th 
anniversary of the death of another 19th-cen- 
tury figure—Alexander von Humboldt— 
whose scientific legacy also flourishes in the 
21st century. Humboldt helped create the 
intellectual world Darwin inhabited, and his 
writings inspired Darwin to embark on 
H.M.S. Beagle. More pertinent to our time, 
Humboldt established the foundation for the 
Earth system sciences: the integrated system 
of knowledge on which human society may 
depend in the face of global climate change. 
Like Darwin, Humboldt undertook a 
major voyage that would shape his ideas 
and thinking. Humboldt spent 5 years (1799 
to 1804) with botanist Aimé Bonpland explor- 
ing Venezuela, the northern Andes, and cen- 
tral Mexico, with visits to Tenerife, Cuba, and 
the United States. They collected botanical, 
zoological, geological, and ethnological spec- 
imens, made extensive atmospheric and geo- 
physical measurements, and recorded the 
geographic location of their thousands of 
specimens and tens of thousands of measure- 
ments. Humboldt spent the next 22 years and 
most of his inherited fortune in Paris, pre- 
paring and publishing 45 volumes of a never- 
finished report on his travels. 

Of these volumes, the first was a slim work 
entitled Essay on the Geography of Plants 
(2, 3). The modest title belies the intellectual 
richness within. In the text and accompanying 
color plate (see the figure), Humboldt lays out 
a vision of a comprehensive “general physics 
of the Earth” aimed at nothing less than a syn- 
thesis of atmospheric, oceanic, geological, 
ecological, and cultural phenomena across the 
globe. Humboldt’s obsession with geographi- 
cally referenced measurements and collec- 
tions was central to his vision. He recognized 
that spatial arrays of observations could be 
aggregated to reveal patterns that would in 
turn reveal underlying processes—such as the 
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In the early 19th century, Alexander von 
Humboldt laid the foundations for today’s 
Earth system sciences. 


Intellectual riches. The central portion of Humboldt’s Physical Tableau of the Andes and Neighboring 
Countries, published as part of (2, 3), shows Chimborazo in profile, with vegetation zones, plant species, and 
snowline depicted at appropriate elevations. In the original, the profile is flanked on both sides by tables 
describing elevational patterns in temperature, humidity, light refraction and intensity, agriculture, fauna, and 
other physical, chemical, and biological features. 


distribution of incident radiation, the transport 
of heat and materials in winds and ocean cur- 
rents, the influence of temperature on plant 
form, and the effect of latitude and continen- 
tality on mountain snowline. 

He expanded this vision in the succeeding 
years, establishing international cooperative 
networks of meteorological and geomagnetic 
measurement stations, inventing isotherms 
and other graphical devices to portray spatial 
patterns, and noting that plant form is often 
better predicted by local environment than by 
taxonomic affinity (a paradox resolved by 
Darwin). Humboldt’s genius lay in his geo- 
graphical vision, and in his intuition that 
Earth’s land surface, oceans, atmosphere, and 
inhabitants form an integrated whole, with 
linkages among the various components (4, 
5). Humboldt’s general physics of the Earth 
envisioned climate as a major control of 
Earth-surface phenomena, with vegetation 


serving as both an index of climate and a prox- 
imal control of microclimate, animal habitat, 
and cultural practices (6-8). 

Humboldt’s dream of systematic observa- 
tional arrays across the globe took hold in the 
19th century. Throughout the century, countless 
Humboldt-inspired explorations were launched, 
each involving systematic measurement and 
mapping of physical, biological, and often cul- 
tural features of landscapes and oceans (S—/0). 
These surveys were relentlessly inductive, typ- 
ically producing detailed descriptive reports 
with little integration within or among the com- 
ponent entities. However, for a few intellectu- 
ally nimble participants—including Charles 
Darwin, T. H. Huxley, Matthew Maury, Asa 
Gray, C. Hart Merriam, and Peter Kropotkin— 
these explorations provided data and experi- 
ence that spurred the development of biogeog- 
raphy, ecology, oceanography, and other envi- 
ronmental sciences (//). 
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Unfortunately, the conceptual unification 
among the sciences of the Earth that Hum- 
boldt sought never developed in the century 
following his death. Disciplinary speciali- 
zation played a large role in eclipsing Hum- 
boldt’s integration, as did 20th-century trends 
toward reductionism, experimentalism, and 
fine-scale processes in many disciplines. 

A new incarnation of Humboldt’s general 
physics of the Earth began to emerge with 
the plate tectonics revolution in the 1960s. 
Drawing on Humboldtian spatial arrays of 
observations, this theory provided a unified 
explanatory framework for disparate geo- 
physical, geological, paleontological, and bio- 
geographic phenomena. 

Today, a second, even broader manifesta- 
tion of Humboldt’s vision aspires to under- 
stand the interactions and feedbacks among 
the components of the Earth system, encom- 
passing the lithosphere, atmosphere, hydro- 


sphere, cryosphere, and biosphere as well as 
human societies and economies. This effort is 
often referred to as Earth system science, but 
it could just as well be designated “general 
physics of the Earth,” using the early-19th 
century definition of physics as the study of 
the material world and its phenomena (which 
we now call science). 

Global environmental change may be the 
greatest challenge faced by human societies 
since the advent of agriculture. Humboldt 
advocated for science that spoke to human 
needs and concerns (5). It is fitting that on the 
150th anniversary of his death, we recognize 
his role in fostering the sciences that speak to 
the most profound human concerns—sustain- 
ability of human societies and the ecosystems 
on which they depend. 
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PLANETARY SCIENCE 


Magnetic Twisters on Mercury 


Karl-Heinz Glassmeier 


ercury is an enigmatic planet. 
M Located closest to the Sun and with- 
out an atmosphere, it has only a 
weak planetary magnetic field to help it with- 
stand the solar wind. The recent flybys of the 
MESSENGER spacecraft confirm the exis- 
tence of the Hermean magnetosphere (/, 2), 
discovered 35 years ago by the Mariner 10 
mission (3). This magnetosphere is rather 
small, with the magnetopause (the boundary 
between the interplanetary medium and the 
magnetospheric plasma) located as close as 
1700 km above the planet surface. Not much 
is known about the structure and dynamics of 
the Hermean magnetosphere, and it is here 
where the observations by MESSENGER are 
shedding new light. Reports on the discovery 
of magnesium in the exosphere of Mercury by 
McClintock etal. on page 610 of this issue (4) 
and the detection of flux transfer events by 
Slavin et al. on page 606 (2) demonstrate that 
Mercury is directly exposed to the harsh con- 
ditions of the interplanetary medium. 
Flux transfer events are regions of localized 
magnetic flux transfer due to transient mag- 
netic reconnection at the magnetopause (5, 6). 
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Magnetic reconnection is the process that con- 
verts magnetic energy into kinetic energy and 
is one of the most fundamental processes in 
astrophysical plasmas. Reconnection occurs in 
regions of strong magnetic shear. Through 
pairs of magnetic flux tubes, a topological con- 


Reconnected 
flux tubes 


Magnetic field lines 


Magnetopause 


Magnetic twisters. As a result of dayside local magnetic recon- 
nection, bundles of magnetic field lines penetrate the magne- 
topause, are convected tailward by the solar wind, plough through 
the magnetosphere, and interact with the planetary surface. 


Published by AAAS 


Observations of Mercury during the recent 
MESSENGER spacecraft flybys reveal a complex 
magnetosphere. 


nection between the interplanetary and plane- 
tary magnetic field can be achieved. During 
MESSENGER’ second flyby, the interplane- 
tary magnetic field was pointing southward, 
antiparallel to the Hermean planetary mag- 
netic field. The magnetopause is thus highly 
sheared—optimum conditions for 
reconnection. The magnetopause 
would usually separate the interplan- 
etary magnetic field from the plane- 
tary field. Mass and energy flow 
across the boundary would thus be 
vastly reduced. During flux transfer 
events, however, the magnetopause is 
perforated at multiple points and the 
magnetosphere opens up, exposing 
the planet to the interplanetary 
medium (see the figure). 

It is such a perforated magne- 
topause that is described by Slavin et 
al. Of extreme interest is the large 
size of the observed flux transfer 
events. At around 900 km in diame- 
ter, they are comparable to the overall 
scale of the Hermean magneto- 
sphere. These events also have a 
short lifetime, indicating a fast and 
efficient transformation of magnetic 
into kinetic energy. During magnetic 
reconnection events, interplanetary 
magnetic field lines are connected to 
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Mercury’s planetary field lines. The flux trans- 
fer events can be viewed as magnetic flux 
tubes or magnetic twisters dancing on the 
magnetopause, rooted deep in the magneto- 
sphere or planetary interior, and are carried out 
into the interplanetary medium by the solar 
wind flow. In the terrestrial magnetosphere, 
flux transfer events cause plasma convection at 
their ionospheric foot point and transient auro- 
ral events (7). The corresponding processes in 
the Hermean magnetosphere are unknown. 
Somehow, the electric currents associated 
with the reconnected flux tubes need to be 
closed, either within the magnetosphere or in 
the upper surface layers of Mercury. But the 
very nature of this closure will have implica- 
tions for the flux tube dynamics. Much like a 
tornado in Earth’s atmosphere interacts with 
the ground, the magnetic twisters on Mercury 
due to the flux transfer events interact with the 
planet surface. The observations of McClintock 
et al. are very important in this respect. In- 
tensive emissions from Mercury’s neutral 
exosphere reveal the existence of sodium, cal- 
cium, and magnesium in the exosphere. This 
material is sputtered off by energetic electrons 
hitting the surface. High-energy electrons 
are produced by various dynamic processes 
within the magnetospheric plasma. Flux 


transfer events are one of them. The observ- 
ed north-south enhancement of sodium by 
McClintock et al. (4) could be a result of mag- 
netospheric plasma dynamics induced by flux 
transfer events. And particles released at the 
surface will be picked up by the magnetos- 
pheric plasma, like cometary ions are picked 
up by the solar wind (8). This mass loading 
causes modifications of the plasma’s dynam- 
ics. A picture of a strongly mutually depend- 
ent system emerges. 

Slavin et al. also observed magnetic recon- 
nection activity in the magnetotail of Mercury, 
as is observed at Earth during magnetospheric 
substorm events (9). A substorm is the major 
dynamic process in the terrestrial magneto- 
sphere. The new perspective afforded by these 
latest observations is that flux transfer events 
are areal competitor to tail reconnection. In the 
much larger terrestrial magnetosphere, a sub- 
storm requires a growth phase (9), during 
which the magnetotail is magnetically charged 
up before it collapses. At Mercury, the dynam- 
ics are much faster, and dayside flux transfer 
and nightside magnetotail reconnection are 
more entangled with each other. 

Mercury’s strong coupling to its local 
interplanetary environment is intriguing and 
poses new opportunities for our geological 


and geophysical understanding of this and 
other planets (/0, //). The magnetosphere is 
to Mercury what the troposphere is to Earth, 
with magnetospheric processes determining 
the weather in the planetary environment. 
Here, exogenic geological processes formed 
the surface of Mercury over the past eons. 
Mercury is a unique plasma laboratory, still 
hiding most of its secrets yet to be unravelled 
by the present MESSENGER mission and 
the future European-Japanese BepiColombo 
mission (/2). Mercury is indeed an enig- 
matic planet! 


References 
J. A. Slavin et al., Science 321, 85 (2008). 
. J. A. Slavin et al., Science 324, 606 (2009). 
N. F. Ness et al., Science 185, 151 (1974). 
. W.E. McClintock et al., Science 324, 610 (2009). 
. G. Haerendel et al., J. Geophys. Res. 83, 3195 (1978). 
. C.T. Russell, R. C. Elphic, Space Sci. Rev. 22, 681, 
(1978). 
7. P.E. Sandholt, C.J. Farrugia, J. Geophys. Res. 112, 
A04203, 10.1029/2006JA011952 (2007). 
8. K. Szegé et al., Space Sci. Rev. 94, 429 (2000). 
9. V. Angelopoulos et al., Science 321, 931 (2008). 
10. S. Orsini et al., Space Sci. Rev. 132, 551 (2007). 
11. K.H. Glassmeier, H. U. Auster, U. Motschmann, Geophys. 
Res. Lett. 34, L22201, 10.1029/2007GL031662 (2007). 
12. A. Milillo et al., Planet. Space Sci., 10.1016/j.pss.2008. 
06.005 (2009). 


anu WNP 


10.1126/science.1173770 


CIRCADIAN RHYTHMS 


A Circadian Loop asSIRTs Itself 


Herman Wijnen 


aily time keeping in many organisms 
Der on internal circadian clocks 
that temporally organize biological 
functions relative to each other as well as the 
environment. These clocks generate rhythms 
in physiology and behavior by using circuits 
of gene expression that are organized in nega- 
tive-feedback loops (). Two studies in this 
issue, by Nakahata et al. (2) on page 654 and 
Ramsey et al. (3) on page 651, propose the 
addition of a new negative-feedback loop to 
this circuitry that involves the metabolite 
nicotinamide adenine dinucleotide (NAD*) 
and the protein SIRTUIN1 (SIRT1). The new 
loop suggests connections between the circa- 
dian clock and SIRT 1-dependent functions 
associated with cell survival, development, 
inflammation, and metabolism. 
In the mammalian clock, a central role is 
played by the heterodimeric transcription 
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The NAMPT-SIRT1 circadian loop. Mammalian 
circadian clock circuits are shown as two loops of 
gene expression that feed back on the CLOCK- 
BMAL1 transcription complex. NAD* metabolism 
integrates into this network through the circadian 
control of Nampt, which encodes the rate-limiting 
enzyme in NAD* biosynthesis. NAD* regulates 
SIRT1 deacetylase activity (DeAc), which alters 
CLOCK-BMAL1—dependent transcription. CLOCK 
also acts as an acetyl transferase (Ac). 


complex CLOCK-BMALI, which induces 
the expression of a number of genes, includ- 
ing those encoding the PERIOD (PER) and 
CRYPTOCHROME (CRY) proteins that 
directly repress CLOCK-BMALI activity, 
as well as REV-ERB and ROR nuclear recep- 
tors that control Bmall expression. The 
new negative-feedback loop identified by 
Nakahata et a/. and Ramsey et al. involves the 
CLOCK-BMAL 1-controlled gene nicotina- 
mide phosphoribosyltransferase (Nampt), 
its metabolite NAD*, and SIRT1 (which 
represses CLOCK-BMALI activity in a 


The oscillating biosynthesis of NAD* 
constitutes a feedback loop that integrates the 
mammalian circadian clock with metabolism. 
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NAD*-dependent manner) (see the figure). 
A key step in the new time-keeping loop is 
the transcriptional regulation of Nampt by 
CLOCK-BMAL]1. Nampt encodes an en- 
zyme that produces nicotinamide mononu- 
cleotide from nicotinamide and 5'-phosphori- 
bosy1 1-pyrophosphatase, a rate-limiting 
step in NAD* biosynthesis. Nakahata et al. 
and Ramsey et a/. found that Nampt transcript 
levels peak at about the same time as known 
CLOCK-BMAL 1—tegulated transcripts, and 
NAMPT protein oscillates with a somewhat 
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later phase. Nampt expression decreased in 
response to mutations in Clock and Bmal1, but 
increased when both Cryl and Cry2 were 
mutated. Moreover, the Nampt gene contains 
a number of cis-regulatory elements with per- 
fect and near-perfect matches to the consensus 
binding site for CLOCK-BMALI. Indeed, 
Nampt regulatory elements bind to CLOCK- 
BMALI in vivo. Another element in the new 
loop is the circadian oscillation of NAD*. 
Apart from connecting glycolysis and the 
citric acid cycle to oxidative phosphorylation, 
NAD* is a substrate for sirtuin histone de- 
acetylases (4). Sirtuins, present in all domains 
of life, were first identified in budding yeast 
where they contribute to DNA silencing, 
genomic integrity, and progression of the cell 
division cycle. NAD* levels show clock- 
dependent oscillations in mouse liver and 
fibroblasts that roughly match the reported 
phase of SIRT1 deacetylase activity (5). 
Nakahata ef al. and Ramsey et al. found that 
these NAD‘ rhythms are disrupted by muta- 
tions in circadian clock genes and by the 
NAMPT inhibitor FK866. 

The loop is closed by feedback of SIRT1 
on CLOCK-BMAL 1-dependent transcrip- 
tion. SIRT1 is a component of CLOCK- 
BMALI transcription complexes and affects 
the expression of clock genes (5, 6). SIRT1 
has now been detected at cis-acting sites in the 
clock-controlled genes Dbp, Per2, and Nampt 
(2, 3, 5), and proposed to act as a negative 
transcriptional regulator in this context. 
Nakahata ef al. and Ramsey et al. found that 
SIRT1 overexpression or its activation by 
resveratrol repressed the Per2 promoter, 
whereas the SIRT1 inhibitors nicotinamide 
and Ex-527 had the opposite effect. Further- 
more, the Nampt inhibitor FK866 not only 
depressed NAD* production, but also modu- 
lated circadian expression of Dbp and Per2, 
and reversed SIRT 1-dependent repression of 
the Per2 promoter. 

SIRT1 and its homologs function in hete- 
rochromatin formation and transcriptional re- 
pression through the deacetylation of histones 
H3 and H4 (4). Deacetylation of histone H3 at 
the Dbp promoter responds to SIRT1 and its 
inhibitors nicotinamide and splitomycin (5). 
Histones are, however, not the only relevant tar- 
get for deacetylation by SIRT1. Both BMAL1 
and PER2 are deacetylated by SIRT 1 (5, 6), and 
Nakahata ef al. found that FK866 increased 
BMAL] acetylation. In addition, CLOCK shows 
acetyltransferase activity toward histone H3 
and BMAL] (7, 8). Complexes containing both 
CLOCK-BMAL] and SIRT1 may, therefore, 
have dynamically balanced acetyltransferase 
and deacetylase activities that differentially 
affect promoter activity via multiple substrates. 
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By associating with CLOCK-BMALI, 
SIRT1 could affect the daily timing of molecu- 
lar, cellular, metabolic, endocrine, physiologi- 
cal, and behavioral functions. Conversely, 
SIRT1 plays an important role in cell survival, 
development, inflammation, and metabolism, 
and the circadian control of SIRT1 deacetylase 
activity may be reflected in these functions. 
Interestingly, the nuclear receptor peroxisome 
proliferator-activated receptor—y (PPAR-y) and 
the nuclear receptor cofactor PPAR-y coactiva- 
tor 1a (PGC1«), which control energy metab- 
olism, not only exhibit circadian expression, 
but also affect the expression of clock genes 
(9-11). Moreover, SIRT1 and its activator 
resveratrol promote deacetylation and the 
activity of PGC-10 in association with glucose 
homeostasis in the liver and mitochondrial 
function in muscle and brown fat (/2, /3). 
Furthermore, in white adipose tissue, SIRT1 
binds and represses PPAR-Y in association with 
mobilization of fat stores during food depriva- 
tion (/4). Unraveling how these mechanisms 
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incorporate interactions between the circadian 
clock and SIRT1 may help yield insights into 
the etiology of metabolic diseases and aging. 
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CLIMATE 


The Geographic Footprint 


of Glacier Change 


Greg Balco 


Glacier advances and retreats over the past 10,000 years illustrate the complexity of climate dynamics. 


Ipine glaciers leave spectacular 
Az of climate change. Lakes, 

moraines, and other landforms shaped 
by past glacier advances and retreats domi- 
nate the foreground of nearly all mountain 
landscapes. These glacial deposits are rich 
records of past climate that are widespread, 
obvious, and easily accessible. In many 
regions without sedimentary or ice-core re- 
cords, they are the only record of climate 
before instrumental records began. A report 
on page 622 of this issue by Schaefer et al. 
highlights the value of these glacial records in 
understanding past climate dynamics while 
also revealing their complexity (/). 

Most glacier records for the Holocene (the 
past 10,000 years) show several prominent 
advances at intervals of 1000 to 2000 years. 
Interpretations of these records have aimed to 
test hypotheses about past climate by deter- 
mining whether glacier advances in widely 
separated regions were synchronous or asyn- 
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chronous. Simultaneous advance of mountain 
glaciers worldwide would favor a hypothesis 
in which changes in solar irradiance warm or 
cool the Earth as a whole (2). In contrast, out- 
of-phase advances of Northern and Southern 
Hemisphere glaciers would favor a scenario in 
which reduced deep-ocean ventilation and 
associated heat transport in the Northern 
Hemisphere are balanced by increased venti- 
lation in the Southern Hemisphere (3). 

So far, none of these tests have proven 
conclusive, mainly because the uncertainty 
of dating techniques for glacial deposits is 
comparable to the time scale of the climate 
processes in question. However, two ad- 
vances in glacier chronology have made 
progress on this problem. 

The first has been a focused search of 
recently deglaciated glacier forelands for 
organic material—wood and peat—that grew 
at a time when glaciers were less extensive and 
that survived erosion by later glacier advances 
(4). Before this effort, most researchers only 
dated moraines that formed when glaciers 
were larger than present. Radiocarbon dating 
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of the preserved wood and 
peat has now revealed times 
when glaciers were smaller 
than at present, and filled in 
the missing half of the exist- 
ing chronologies. 

The second has been the 
advent of increasingly pre- 
cise and numerous cosmo- 
genic-nuclide exposure ages 
on glacial moraines. Mor- 
aines are formed of rock 
quarried at glacier beds; this 
material is not exposed to 
the surface cosmic-ray flux 
until deposited at the glacier 
margin. Thus, the concentra- 
tion in a moraine boulder of 
certain rare isotopes pro- 
duced only by cosmic-ray 
interactions dates the glacier 
advance that formed the 
moraine. The key advantage 
of this method over radio- 
carbon dating is the sheer 
number of boulders avail- 
able: Nearly any Holocene 
moraine is covered with 
potential samples. 

Schaefer ef al. exploit 
this advantage, as well as an 
array of analytical improve- 
ments, to generate an unusu- 
ally large data set of unusu- 
ally precise exposure ages 
from Holocene glacial mo- 
raines in New Zealand. But the greatest value 
of their data set arises from comparison to 
radiocarbon-dated preglacial wood from 
Northern Hemisphere sites. Because ice-free 
periods recorded by the radiocarbon-dated 
wood are long compared with the uncer- 
tainty in the exposure ages, one can now 
state with high confidence whether or not 
glaciers in New Zealand were large when 
glaciers in the Alps were small. 

This is important because it should make 
it possible to rigorously test whether Holo- 
cene glacier advances were synchronous or 
asynchronous. Schaefer et a/. come to the 
unexpected conclusion that neither hypothe- 
sis explains the full data set: Sometimes gla- 
ciers in New Zealand were larger than at pres- 
ent when those in the Alps were smaller, but 
at other times both appear to have advanced 
simultaneously. The answer to the question 
“were Holocene glacier advances in the 
Northern and Southern Hemispheres in 
phase, or out of phase?” turns out to be “no.” 

This answer satisfies advocates of neither 
hypothesis. Instead, it highlights the chal- 
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Advance and retreat. A series of concentric moraines in front of the terminus of the Kluane 
Glacier in Alaska’s St. Elias Mountains record advances and retreats of this glacier during the 
past several thousand years. The photo shown here was taken on 10 August 1961. In 1973, 
Denton and Karlen showed that moraines in this region of Alaska had similar ages as others in 
Scandinavia and proposed that glaciers worldwide had advanced and retreated together in 
response to changes in solar irradiance (2). Subsequent research, including the report in this 
issue by Schaefer et al., has neither proved nor disproved this hypothesis but rather has 
revealed the complexity of past climate changes and the response of glaciers to these changes. 


lenge—and the opportunity—of better recon- 
ciling paleoclimate data, such as glacier 
advances and retreats, with advances in gla- 
cier modeling and modern climate dynamics. 

The geographically sparse nature of paleo- 
climate data naturally leads to the idea that 
global-scale phenomena can be identified by 
correlating widely separated paleoclimate 
records; both hypotheses about Holocene cli- 
mate discussed above proceed from this prem- 
ise. Yet, a central concept of modern climate 
dynamics is that climate variability is ex- 
pressed in complex regional patterns, such as 
the El Nino—Southern Oscillation, the Pacific 
Decadal Oscillation, and others. If this was 
also true in the past—as there is no reason to 
doubt—then past glacier changes were 
regionally patterned at a geographic scale that 
may well be smaller than the spacing of the 
paleoclimate data. 

In addition, glaciers are reservoirs for 
many years of snow accumulation. This can 
add to their value as a climate proxy, because 
they should filter out year-to-year variability 
to reveal trends. On the other hand, this “mem- 


ory” effect also smoothes 
short-term stochastic vari- 
ability (which is always pres- 
ent even in a steady climate) 
into longer-period changes in 
glacier length. Glacier mod- 
els driven by random year-to- 
year variability in precipita- 
tion and temperature, but no 
change in the mean climate, 
can mimic the centennial to 
millennial spacing of large 
advances seen in Holocene 
moraine records. 

These ideas pose two chal- 
lenges in interpreting the 
chronology of past glacier 
change. First, one must dis- 
prove the null hypothesis: Can 
the timing and magnitude of 
observed past glacier changes 
in a particular region be 
explained by stochastic vari- 
ability inherent in a steady cli- 
mate, or is a change in the 
mean climate required (5)? 
Second, if one has established 
that a glacier advance re- 
quires a substantial change in 
mean climate, one must 
determine the regional “‘foot- 
print” of that change and 
compare it to that inferred 
from modern instrumental 
climate records, or simulated 
by climate models, for a par- 
ticular climate-change scenario (6). 

Glacier models and modern climate 
dynamics can also help to decide which—and 
how many—glaciers to study. Existing studies 
of past glacier change have focused on glaciers 
that left particularly spectacular geologic 
records, but these glaciers may not be the best 
ones for answering questions about past cli- 
mate. Future studies should use model simula- 
tions and the modern observational record to 
identify those glaciers that are most sensitive 
to certain climate parameters and to explore 
what spatial density of glacier change records 
is needed to understand the relationship 
between past and present patterns of regional 
climate variability. 
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A Glassy State of Supersolid Helium 


John Saunders 


ability to flow without resistance. 

Superfluids also differ from ordinary 
fluids in that they fail to respond to a slow 
steady rotation (/). The atoms in a superfluid 
are in the same quantum state, so they move 
coherently and cannot gradually “spin up,” as 
does water in a rotated container. An intrigu- 
ing question is whether a supersolid—formed 
by applying pressure to a superfluid—could 
combine these remarkable properties, quan- 
tum coherence and dissipationless mass flow 
of atoms, in a solid that still has structural 
order and rigidity (/—4). 

In an ordinary classical crystal, all atomic 
motion is frozen out at absolute zero, but 
solid helium-4 is a quantum solid; each atom 
is highly delocalized in a quantum 
probability cloud around its equi- 
librium position, and as a result, 
atoms on neighboring sites can 
exchange positions and move | 
through the solid. In 2004, Kim 
and Chan (5) claimed to have 
observed supersolidity in solid 
helium-4. This discovery was 
followed by experimental and 
theoretical studies suggesting that 
disordered glassy solids play a key 
role in creating the putative super- 
solid state. 

Two reports in this issue address 
the origin and effects of this disorder. On 
page 632, Hunt et al. (6) report their observa- 
tion of the onset of remarkable ultraslow 
dynamics on cooling samples of solid helium, 
which constitutes new evidence for glass-like 
behavior. They reveal a subtle interplay 
between this glassiness and the observed 
supersolid-like mechanical responses. On 
page 631, Anderson (7) argues that the super- 
solid will still occur in a pristine crystal, but 
coupling to disordered regions near disloca- 
tions enhances the supersolid response. His 
bold hypothesis is that every solid composed 
of bosons will have a supersolid ground state. 

In extensive experiments by Chan and oth- 
ers (8, 9), solid helium-4 is grown in a cylinder 
or annulus, which acts as the “bob” of a torsion 
pendulum that oscillates (twists) about its axis 


S uperfluid helium is best known for its 
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on resonance at acoustic frequencies (typically 
hundreds of hertz) (see the figure, panel A). 
Upon cooling below an onset temperature, the 
solid partially decouples from the oscillation, 
so the torsional pendulum, referred to as a tor- 
sional oscillator (TO), appears to have a “‘miss- 
ing moment of inertia” (MMI) (0), which is 
detected by a small change in frequency. 
However, this MMI signature depends on sam- 
ple quality and geometry and varies greatly, 
from around 0.04% to 20%, which suggests 
that disorder may also play a role in how the 
supersolid forms. Smaller variations in its tem- 
perature onset (from 80 to 300 mK) from sam- 
ple to sample are also observed. 

Theoretical studies show that such amor- 
phous structures constitute a “superglass” 
(11, 12). However, in experi- 
ments, the MMI survives even 
in the best-quality crystalline 
samples. These samples will 
inevitably be permeated by a 
network of dislocations and 
may contain grain bound- 
aries. Although simulations 
show that both such defects 
support supersolidity (/3), 
their density is expected to be 
too small to account for the 
measured MMI. 


(@,7) 


A supersolid response. (A) Experiments probe how 
solid helium-4, permeated with dislocations, re- 
sponds when its container is oscillated at frequency 
@. (B) The response of the solid to oscillation is cap- 
tured by the function x(@,7). Small shifts in reso- 
nance frequency correspond to the real part of x3, 
Re(y~+); increases in resonance width correspond to 
the imaginary part, Im(y-*). The contour of Im(y~*) 
versus Re(y~?) in arbitrary units, based on measure- 
ments at different temperatures, provides a finger- 
print of the solid’s response. 
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Disorder and defects appear to play an 
important role in the formation of a supersolid 
from helium-4 atoms. 


Obtaining incontrovertible experimental 
proof of the supersolid state is challenging. In 
steady-rotation experiments on superfluid 
liquid helium-4, the MMI unambiguously 
demonstrates quantum coherence. The super- 
fluid fraction tends to unity well below the 
transition. However, the TO experiments on 
solid helium-4 involve jiggling the sample at 
finite frequency, and the observed MMI is 
rather small in the highest-quality crystals. 
Hunt et al. carefully discuss how measure- 
ments of small changes in the oscillator’s 
frequency and energy dissipation reflect the 
real imaginary parts of the complex number 
that represents the rotational susceptibility, 
whose temperature dependence characterizes 
the system. Such analysis can help to identify 
responses from processes unrelated to form- 
ing a supersolid, such as viscoelasticity 
(which has a temperature-dependent relax- 
ation time) and atoms in a glassy state tunnel- 
ing between sites. 

Solid helium-4 indeed has a viscoelastic 
character; transverse sound measurements 
show a freezing of motion of the dislocation 
network upon lowering the temperature, 
which closely mimics the MMI seen in TO 
experiments (/4). Andreev has shown that 
tunneling of atoms between two levels in 
glassy solid helium can also give rise to 
MMI (/5). Even if the ground state of the 
system is supersolid, it is predicted to be 
reached by cooling through a vortex liquid 
state, which has a different signature in the 
rotational susceptibility (/6). 

The rotational susceptibility contour 
reported by Hunt et al. (see the figure, panel 
B) is stretched along the real axis. The 
observed frequency shifts are much greater 
than the shifts predicted by a model of glass- 
like or viscoelastic relaxation and are con- 
sistent with the presence of a supersolid 
state. Furthermore, thermal cycling experi- 
ments reveal an ultraslow evolution of the 
fingerprint. The time scale of this starts to 
grow rapidly below 60 to 70 mK, and 
reaches 5000 s at 20 mK. Previous observa- 
tions of hysteretic response (/7) are consis- 
tent with such slow dynamics. Hunt et al. 
suggest the onset of an exotic superglass 
phase as one possibility. 

The movement of helium atoms between 
sites has been seen by nuclear magnetic 
resonance in fermionic solid helium-3 
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(18). However, the theoretical consensus 
(19, 20) is that such motion does not alone 
lead to the supersolid state in the bosonic 
helium-4 crystal. A version of Heisenberg’s 
uncertainty principle requires that a macro- 
scopic quantum state with definite phase 
must undergo fluctuations in particle num- 
ber (2/). This requirement can be accommo- 
dated by mobile defects or some other 
departure from the simple picture of an ideal 
crystal. In the original theoretical scenario, 
some fraction of atomic sites were sponta- 
neously empty (mobile zero-point vacan- 
cies, or ZPVs), creating a homogeneous but 
incommensurate ground state, one with 
some lattice sites unfilled by atoms. The 
realization of this possibility in solid 
helium-4 is hotly disputed (20, 22). 
However, Anderson argues that the 
strongly correlated ground state of a boson 
crystal is indeed incommensurate. The 
supersolid transition temperature will be 
governed by Bose-Einstein condensation of 
the dilute gas of ZPVs. In his picture, the 
ZPVs are coupled to a cloud of vacancies 
around dislocations or other defects such 


as grain boundaries or surfaces, which 
enhance the fraction of supersolid present. 

It seems that incipient glassy regions, 
dislocation cores, and the putative incom- 
mensurate crystal may all contribute to a 
supersolid MMI. In two-dimensional films 
of helium-4, the superfluid stiffness is con- 
trolled by the presence of thermally excited 
vortex-antivortex pairs. By contrast, solid 
helium-4 inevitably contains frozen-in line 
defects (dislocations) that intriguingly may 
both contribute to the supersolidity and also 
destroy it through their thermal motion. 
Might it be that steady, as opposed to oscil- 
latory, supersolid flow at finite temperature 
is impossible? 

In future studies, we can expect attempts 
to measure the rotational susceptibility and 
excitations of better-characterized sam- 
ples. The emerging confluence of the 
physics of glasses and supersolidity in a 
quantum crystal is exciting. A quantum 
solid of Bose particles is perhaps the sim- 
plest strongly correlated system in nature, 
and the imperative to unlock its secrets 
is compelling. 
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Complicated Supercomplexes 


David M. Livingston 


much attention has been focused on the 

mechanism underlying error-free repair of 
DNA double-strand breaks. This process, 
which involves homologous recombination— 
based repair, warrants close attention, not 
least because failure to repair double-strand 
breaks can be lethal. Similarly, disorderly 
repair can result in loss of chromosomal 
integrity and spur tumor development. Three 
recent studies emphasize the complex nature 
of the suspected link between the homologous 
recombination mechanism in mammalian 
cells and the suppression of cancer. 

In mammalian cells, a double-strand break 
elicits a series of events, many triggered by 
activation of the kinase ataxia telangiectasia 
mutated (ATM). ATM subsequently phospho- 
rylates multiple participants in homologous 
recombination, including the protein 
BRCA1/p220, which interacts with BRCA2 
and its partner, the Rad51 strand-insertion 


I: the world of genome repair analysis, 
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recombinase (/). BRCA/ and BRCA2 are also 
high-penetrance suppressors of breast and 
ovarian cancer. Indeed, BRCAI appears to 
largely suppress breast and ovarian cancer, 
while BRCA2 also performs this role for can- 
cers in other organs, such as prostate, male 
breast, and pancreas (2). 

Numerous structure-function analyses of 
BRCAI and BRCA2 suggest that their homol- 
ogous recombination function contributes to 
their role in tumor suppression (3). Moreover, 
certain BRCA1-interacting proteins with roles 
in homologous recombination (including 
ATM, PALB2, BACH1/BRIP1, NBS1, and 
Rad 50) also act as breast cancer suppressors 
(3). Together, this evidence implies that mount- 
ing a homologous recombination response rep- 
resents an important defense against the devel- 
opment of breast and ovarian cancer. 

A polypeptide called partner and localizer 
of BRCA2 (PALB2) associates with BRCA2 
(4) and has recently attracted considerable 
scrutiny and clinical attention. Like BRCA2, 
PALB2 is a breast cancer suppressor gene, 
although the phenotype associated with PALB2 
mutations is less penetrant than that associated 


Molecular details of how proteins interact to 
repair DNA breaks reveal complexities that 
underlie their tumor-suppressive effects in 
different cancers. 


with mutations in BRCA/ or BRCA2 (5-7). In 
addition, PALB2 is tightly bound to the amino 
terminus of BRCA2; it, too, participates in 
DNA repair and, like BRCA2, it is defective in 
a subtype of Fanconi’s anemia (8, 9). PALB2 
conveys BRCA2 to stable binding sites in 
chromatin. Indeed, BRCA2 cannot function in 
homologous recombination or elicit tumor- 
suppressor effects in breast cancer without 
PALB2 (4). Furthermore, both PALB2 and 
BRCA2 are concentrated, along with BRCA1 
and other DNA damage response proteins, at 
focal genomic sites containing double-strand 
breaks. BRCA1 conveys BRCA2 to double- 
strand breaks or, at least, stabilizes its localiza- 
tion at these sites (whereas BRCA1 is conveyed 
there by another mechanism) (/0). Despite 
these findings, little has been known of how 
PALB2 becomes localized at these structures 
or of the role it plays once concentrated there. 
Some of these mysteries have now been 
unraveled by Zhang ef al. (1/) and Sy et al. 
(12). Both groups have found that PALB2 
binds to BRCA1 and that this interaction is the 
biochemical basis for the long-known interac- 
tion between BRCA1 and BRCA2 (/). These 


1 MAY 2009 VOL324 SCIENCE www.sciencemag.org 


Published by AAAS 


BRCA2/RAD51 


Intricate machinery. BRCA1 and its part- 
ner BARD1 both contain RING (R) and 
paired BRCT motifs, constitute an E3 ubiq- 
uitin ligase, and interact through specific 
coiled coil (CC) domains with PALB2. The 
carboxyl terminal segment of PALB2, which 
is rich in WD40 motifs, interacts with the 
extreme amino terminus of BRCA2 (which 
independently associates with RAD51). This 
supercomplex, likely together with other 
BRCA1 supercomplexes (20), supports 
homologous recombination and elements 


Other 
BRCA1- 
containing ee ee 
supercomplexes 
© DNA repair 


e Tumor suppression 


of BRCA1/2-driven tumor suppression. 


with the development of contrast- 
ing molecular pathological sub- 
types of breast cancer. In addition, 
the repertoire of BRCAI- and 
BRCA2-affected tissues differs 


studies have also revealed that the BRCA1- 
PALB2 interaction is grounded in the physical 
interaction of unique coiled-coil domains (see 
the figure), that BRCA1 is responsible for the 
concentration of PALB2 at focal sites contain- 
ing double-strand breaks, and that a specific 
BRCA1-PALB2 interaction is required for 
cells to carry out homologous recombination- 
based repair after the introduction of double- 
strand breaks. Thus, not only is PALB2 a 
BRCA2-binding protein that facilitates its 
partner’s double-strand break repair function, 
it is also the source of a long-sought link 
between the homologous recombination func- 
tions of BRCA1 and BRCA2. In addition, Sy 
et al. (12) suggest, based on clinically relevant 
BRCAI missense mutations, that the interac- 
tion of BRCA1 and PALB2 is required for the 
former to perform its tumor-suppressor func- 
tion in breast cancer. This is in keeping with 
the knowledge that PALB2 is a breast cancer 
suppression gene (5) and the view that defec- 
tive homologous recombination underlies at 
least part of the tumor-suppressor function of 
BRCA1 and BRCA2 in breast cancer. 

There are also new clinical findings on 
PALB2. Jones et al. report that, among 96 
patients with familial pancreatic cancer, 3 
harbored stop codon-generating germline 
PALB2 mutations (/3). Familial pancreatic 
cancer has long been known to arise from 
germline BRCA2 mutations (/4). Thus, it is 
satisfying to find that PALB2, which is 
required for the docking of BRCA2 in chro- 
matin and for its homologous recombination 
function, is, likewise, an exocrine pancreas 
tumor-suppressing protein. 

These new observations come amid 
growing interest in the contrasting pathobi- 
ology of BRCAI and BRCA2. While both 
are breast and ovarian tumor-suppressing 
genes, their lack of function is associated 
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considerably. Only BRCA2 is re- 
sponsible for disease in tissues other than 
the breast and ovary. 

Although PALB2 is defective in the 
FANC-N subtype of Fanconi’s anemia, and 
is a breast and a pancreatic cancer gene 
product, BRCA1, which also interacts with 
and depends on PALB2 for its homologous 
recombination function, is neither a pancre- 
atic cancer nor a Fanconi’s anemia protein. 
These seemingly disconnected phenomena 
likely reflect limited knowledge of the full 
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range of BRCA1, PALB2, and BRCA2 
functions and the mechanisms that underlie 
them. Thus, understanding why BRCAI 
interacts with three different Fanconi’s ane- 
mia proteins, is required for homologous 
recombination, and is not a Fanconi’s ane- 
mia gene product, and/or why BRCA1 and 
BRCA2 are interacting homologous recom- 
bination proteins but exert qualitatively dif- 
ferent organ-specific tumor-suppressor 
effects, might shed light on why BRCA/ and 
BRCA2 are breast and ovarian cancer sup- 
pressors at all. 
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MEDICINE 


Avoiding Unintended Toxicity 


Todd E. Golde and Thomas L. Kukar 


Drugs that inhibit a distinct form of y-secretase may be useful in treating Alzheimer’s 


disease without causing harmful side effects. 


myloid-B protein (AB) deposition in 
At brain is one of the pathological 

hallmarks of Alzheimer’s disease. 
Considerable data support the concept that the 
aggregation and accumulation of Af in the 
brain trigger a complex pathological cascade 
that ultimately results in neuronal dysfunction 
and neurodegeneration (/). Thus, therapies 
for Alzheimer’s disease have focused mainly 
on preventing or slowing AB aggregation, 
neutralizing toxic AB aggregates, or clearing 
and breaking up these aggregates (2). On page 
639 of this issue, Serneels ef al. (3) report a 
theoretically safe approach to decrease AB 
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production and thereby slow AB aggregation. 
AB is an internal region within the amy- 
loid-B protein precursor (APP). When the 
APP gene was cloned in 1987, the position of 
AB indicated that to be generated, APP had to 
be cut twice, at AB’s amino terminus and car- 
boxyl terminus. But the carboxyl terminus 
lies within the transmembrane domain of APP, 
and at that time it was heretical to propose that 
a protease could cut a peptide within a lipid 
bilayer. Thus, dogma held that AB was only 
produced in a disease state where membrane 
damage occurred, exposing the peptide to 
classic proteases. But 5 years later, AB was 
shown to be a normal, secreted, proteolytic 
product of APP (4, 5), indicating that intra- 
membrane proteolysis is a normal physiologic 
event. Moreover, because proteases are often 
good drug targets, it was assumed that the 
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Targeted inhibitors Blocking a specific y-secretase (containing Aph1B or 
Aph1A) might allow treatment of Alzheimer’s disease or cancer without alter- 


proteases generating AB would be rapidly 
identified; small-molecule inhibitors of these 
proteases would follow, and be successfully 
tested in the clinic. 

By 1999, both proteases that sequentially 
cleave APP to generate AB—f-secretase 
[also called B-site of APP cleaving enzyme 
(BACE1) or Memapsin 2] and y-secretase— 
were definitively identified (see the figure). 
Though B-secretase—a type 1 membrane pro- 
tein with homology to classic aspartyl pro- 
tease—is an excellent theoretical target, as it 
is the rate-limiting enzyme in AB production, 
it has proved to be a challenging pharma- 
cologic target. Small-molecule B-secretase 
inhibitors that can penetrate the blood-brain 
barrier have been hard to identify, though one 
has entered early-phase human trials (6). y- 
Secretase turned out to be a multisubunit 
aspartyl protease capable of cleaving within 
the lipid bilayer. The presenilin 1 or 2 proteins 
form the catalytic core of y-secretase, and 
three accessory proteins form the y-secretase 
complex: Aphl, Nicastrin, and Pen-2 (7). 
Numerous brain-penetrant y-secretase in- 
hibitors have been identified; however, target- 
based toxicity has been a major obstacle 
for their clinical development. y-Secretase 
cleaves not only APP but also numerous other 
type | transmembrane proteins; for example, 
its cleavage of the protein Notch] is critical 
for Notch signaling , which controls processes 
such as cell growth, differentiation, and prolif- 
eration (8). The absence of presenilin is lethal 
in mouse embryos. Moreover, treatment of 
mice with nonselective y-secretase inhibitors 
leads to a variety of toxicities related to Notch 
inhibition, including rapid gastrointestinal, 
skin, and immune system abnormalities. 

In contrast to a single enzymatic entity as 
originally envisioned, y-secretase complexes 


Inhibit to treat 
cancer? 


Inhibit to treat 
Alzheimer’s disease? 


y-secretase y-secretase 


are heterogeneous. In humans, two prese- 
nilin genes (PS/ and PS2), along with Aph1 
isoforms A (which can be alternatively 
spliced to a long and short form) and B, can 
produce up to six different y-secretase com- 
plexes (9). The situation in rodents is even 
more complex due to the presence of the 
AphIC gene that most likely arose from 
duplication of Aph/B. The physiological 
role of these different y-secretase complexes 
and how they process substrates are largely 
unknown. The absence of Aph1A is embry- 
onic lethal in the mouse, probably due to 
inhibition of Notch signaling. However, 
mice lacking both Aph1B and C develop 
normally without obvious defects. 

Serneels et al. show that selective re- 
moval of Aph1B and C in a mouse model of 
Alzheimer’s disease decreases AB plaque 
formation, improves behavioral deficits, 
and, importantly, shows no side effects from 
Notch impairment. They also demonstrate 
that y-secretase complexes containing 
AphlA or B produce different ratios of AB 
species, which may be related to different 
conformations of the enzyme. The major 
implication of this work is that specific 
inhibition of Aph1B y-secretase complexes 
in the brain may be a useful strategy to 
lower AB production while avoiding Notch- 
related side-effects. 

Other strategies are being pursued to 
decrease AB production while avoiding 
Notch toxicity. At least two y-secretase 
inhibitors that block AB production but 
spare Notch have advanced to clinical trials, 
but the mechanisms by which they avoid 
impairing Notch are unknown (/0). Another 
approach is the use of y-secretase modula- 
tors that shift cleavage away from the more 
toxic AB 4, isoform to the shorter, less toxic 
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ing the normal functions of other y-secretases. Psen, presenilin; TACE, tumor 
necrosis factor-a converting enzyme. 


fragments (//). The recent discovery that 
some y-secretase modulators (such as flur- 
izan, the first y-secretase modulator to be 
evaluated in humans) bind to APP instead of 
y-secretase, suggests a way to avoid Notch 
toxicity and develop more potent and effica- 
cious Yy-secretase modulators (/2). Another 
way to reduce toxicity is to administer dex- 
amethasone together with a y-secretase 
inhibitor, a treatment that blocks gastroin- 
testinal toxicity of the y-secretase inhibitor 
in mice (/3). 

Serneels et al. provide new evidence 
that targeting specific y-secretase com- 
plexes may decrease AB without Notch tox- 
icity, as the study indicates that the Aph1B 
y-secretase complex is conformationally 
distinct from the Aph1 A complex. The real- 
ization that y-secretase inhibitors may be 
useful as therapies beyond Alzheimer’s dis- 
ease, such as in various cancers (/4), pro- 
vides an additional incentive to character- 
ize the biology of the different y-secretase 
complexes and develop drugs to inhibit or 
modulate their activity. 
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Neural Mechanisms of a Genome-Wide 
Supported Psychosis Variant 
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tween brain areas have been proposed to un- 
derlie schizophrenia (/). Extensive work in 
patients (7, 2) has demonstrated abnormal coupling 
between structures implicated in schizophrenia, dor- 
solateral prefrontal cortex (DLPFC) and hippocam- 
pal formation (HF), but the relevance for heritable 
risk was unclear. Through genome-wide association 
study and followup, a single nucleotide polymorphism 
(SNP) in ZNF 804A, 151344706, was recently found to 
be associated (3) with psychosis, affording an oppor- 
tunity to establish neurogenetic risk mechanisms. 
In 115 healthy genotyped German participants, 
we used functional magnetic resonance imaging 
(f{MRI) and a well-validated executive cognition probe, 
the n-back task, related to heritable schizophrenia risk, 
DLPFC and HF activity, and candidate gene varia- 
tion (4) [see (5) for task details and table S1 for 
sample description]. We studied task-related 
regional activation of DLPFC and HF and 
coupling between these structures. For this, 
we used “functional connectivity” (2), an es- 
tablished method that measures correlation 
between fMRI time series: two regions are 
functionally connected if their activities are 
significantly correlated. Although the robust- 
ness of this measure has not been formally 
established [but see (6)] and it is not directly 
indicative of structural or causal connections, 
functional connectivity has been used. suc- 
cessfully to delineate the functional anat- 
omy in health and schizophrenia (2) and 
the impact of genetic variation (4). Because 
151344706 has also been implicated in bi- 
polar disorder (3), we also used an emotional 
face-matching task that shows altered acti- 
vation and connectivity of amygdala linked 
to neuroticism and genetic risk for mood 
disorder (4). Cognitive probes were used as 
strong activators of neural systems to inves- 
tigate genotype effects (a reverse genetics 
approach) (4). Rs1344706 effects on acti- 
vation and connectivity were mapped across 
the brain by using the general linear model; 
because this entails multiple tests, we fol- 
lowed procedures shown to exert strong con- 
trol of type I error in imaging genetics (7). 
Regional brain activation was not sig- 
nificantly related to genotype [see (5) for 
result details], but connectivity of the most 
activated DLPFC locale was strongly altered 
(Fig. 1, A to C): In risk-allele carriers, con- 
nectivity both within DLPFC (same side) 
and to contralateral DLPFC was reduced. 
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Conversely, the HF was uncoupled from DLPFC in 
nomtisk-allele homozygotes but showed dose- 
dependent increased connectivity in risk-allele 
carriers. Lastly, the risk allele predicted extensive 
increases of connectivity from amygdala (Fig. 1D 
and table S2), including to hippocampus, orbito- 
frontal cortex, and medial prefrontal cortex. 
Rs1344706 genotype had no impact on performance 
[reaction time and percentage of correct answers 
(table S1)], and we did not find correlations between 
behavior and connectivity (5) (table S3), indicating 
that genetic variation is more penetrant on the 
neurobiological (imaging) phenotype level, as 
expected for intermediate phenotypes (4). 

Because 131344706 was associated with schiz- 
ophrenia at a genome-wide level (3) and we used 
procedures that strongly control type I error (7), our 
findings establish dysconnectivity as a core neuroge- 
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Fig. 1. (A to ©) Altered functional coupling of the right DLPFC 
in 151344706 risk-allele carriers. (A) Correlation coefficients (col- 


represent mean of Fisher z-transformed coefficients) re- 


flecting connectivity with right DLPFC by genotype: connectivity 
with left DLPFC [at (39 27 42)] shown as red columns and solid 
diamonds, connectivity with left HF [at (36 —21 —18)] as gray 
columns and open diamonds. (B) Frontal brain regions where 
genotype predicts reduced connectivity with right DLPFC. (C) 


regions in temporal lobe where genotype predicts in- 


creased correlation with right DLPFC. Thresholded for display at 
P< 0.005 within a cluster of more than 20 contiguous voxels. (D) 
Increased functional coupling of right amygdala in rs1344706 
risk-allele carriers. Voxels significant at P < 0.05, false discov- 
ery rate corrected for multiple testing, are displayed. 
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netic mechanism, where reduced DLPFC connectiv- 
ity could contribute to disturbed executive function 
(J) and increased coupling with HF to deficient in- 
teractions between prefrontal and limbic structures 
(2). Because amygdala connectivity is not implicated 
in genetic risk for schizophrenia (6), the observed 
effects on limbic connectivity might relate to bipolar 
disorder, where increased connectivity of amygdala 
has been observed and could contribute to emotional 
instability. More generally, our findings show that 
151344706, or genetic variant(s) in linkage disequi- 
librium (i.e., variants that are nonrandomly related), 
is functional in human brain. The molecular changes 
leading up to altered neural systems function remain 
to be elucidated. We speculate that, because genetic 
variation in dopaminergic and glutamatergic neuro- 
transmission affects DLPFC or HF connectivity (4), 
examination of ZNF804A in those neurotransmitter 
cascades is warranted, as is its role in white matter 
development and plasticity. Lastly, our findings val- 
idate the intermediate phenotype strategy in psy- 
chiatry by showing that mechanisms underlying 
genetic findings supported by genome-wide associa- 
tion are highly penetrant in brain, agree with the 
pathophysiology of overt disease, and mirror candi- 
date gene effects (4). Confirming a century-old 
conjecture by combining genetics with imaging, we 
find that altered connectivity emerges as part of the 
core neurogenetic architecture of schizophrenia and 
possibly bipolar disorder, identifying novel potential 
therapeutic targets. 
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Solar wind energy transfer to planetary magnetospheres and ionospheres is controlled by magnetic 
reconnection, a process that determines the degree of connectivity between the interplanetary 
magnetic field (IMF) and a planet's magnetic field. During MESSENGER’s second flyby of Mercury, a 
steady southward IMF was observed and the magnetopause was threaded by a strong magnetic 
field, indicating a reconnection rate ~10 times that typical at Earth. Moreover, a large flux transfer 
event was observed in the magnetosheath, and a plasmoid and multiple traveling compression 
regions were observed in Mercury's magnetotail, all products of reconnection. These observations 
indicate that Mercury's magnetosphere is much more responsive to IMF direction and dominated 
by the effects of reconnection than that of Earth or the other magnetized planets. 


Surface, Space ENvironment, GEochemistry, | netosphere formed by solar wind interaction with 


T= two flybys of Mercury by the MErcury have provided an opportunity to study a mag- 
and Ranging (MESSENGER) spacecraft a dipolar planetary magnetic field under solar 


Flux Transfer Events 


Exospheric ; 
Neutrals , 


Solar Wind . 
Fig. 1. Schematic of Mercury's magnetosphere under southward IMF con- 


ditions as observed by MESSENGER on 6 October 2008. Note the strong 
magnetic field normal to the dayside MP, the large FTEs, and the reconnec- 
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wind conditions substantially different from those 
seen at Earth (/—3). When the interplanetary mag- 
netic field (IMF) is brought into contact with the 
outer boundary of a magnetosphere [the mag- 
netopause (MP)], and the angle between the two 
fields is between 90° and 270°, a magnetic X-line 
(also called a neutral line) will form, across which 
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tion line in the near-tail region, leading to plasmoid ejection and sunward- 
(SN) and anti-sunward—moving (NS) TCRs. These features were not seen 
during MESSENGER’s first Mercury flyby under northward IMF (17). 
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the flux tubes reconnect (4, 5). This process of 
reconnection converts an interplanetary flux 
tube and a magnetospheric flux tube into two 
flux tubes, each with one end connected to the 
solar wind and the other rooted in the planet. 
This new magnetic field topology results in a 
magnetic field, By, normal to the MP (Fig. 1). 
Such magnetic field lines may be regarded as 
electrodynamic “brushes” that tap the — v x By 
electric field in the planetary frame of reference, 
where v is the solar wind flow velocity past the 
magnetosphere. In this manner, MP reconnec- 
tion transfers solar wind energy into the mag- 
netosphere, where, at Earth, it drives high-speed 
plasma flow, accelerates energetic charged par- 
ticles, and powers magnetic storms. 

Reconnection also occurs between the north 
and south lobes of planetary magnetotails (Fig. 
1), especially after episodes of MP reconnection 
that increase the intensity of these tail magnetic 
fields (6). The circulation of plasma, magnetic 
flux, and energy from the X-line at the dayside 
MP to the nightside X-line in the cross-tail cur- 
rent layer and, later, back to the dayside mag- 
netosphere constitutes the Dungey cycle that 
powers Earth-type magnetospheres (4). 


Additional complexities are introduced when 
multiple X-lines form simultaneously at the MP 
or in the cross-tail current layer (7). The recon- 
figuration of the magnetic fields under these con- 
ditions produces magnetic flux ropes in addition 
to enhanced magnetic fields normal to the cur- 
rent sheet. These bundles of twisted magnetic 
flux are carried off by fast flow, comparable to 
the local Alfven speed, away from the X-lines. 
At the MP, such flux ropes are called flux transfer 
events (FTEs) (8). However, in planetary mag- 
netotails they are usually called plasmoids when 
they are ejected tailward (9-/2) or simply flux 
ropes when they are transported sunward back 
toward the planet (/3). Numerical simulations of 
reconnection in Mercury’s magnetosphere pre- 
dict the formation of all of these types of flux 
ropes, as is the case at Earth (/4). The signatures 
of these magnetic structures as they move over a 
spacecraft are strong functions of how close the 
probe passes to the center of the flux ropes. For 
their helical nature to be observed, it is neces- 
sary that the spacecraft pass relatively close to 
the central axis of the flux rope (8, /3). Outside 
of the flux rope, magnetic field draping and 
compression result in readily observable pertur- 
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bations known as traveling compression regions 
(TCRs) (/5). The sense of the relative change in 
the north-south component of the tail lobe mag- 
netic field that drapes over the flux ropes to 
form the TCR [north to south (NS) or south to 
north (SN)] indicates that the direction of mo- 
tion of the underlying flux rope is anti-sunward 
or sunward, respectively. Although TCRs do not 
provide information on the internal structure of 
the flux ropes, they do signal the passage of 
these structures and provide estimates of their 
dimensions, location, and frequency of occur- 
rence (/5). 

During the first MESSENGER flyby of 
Mercury on 14 January 2008, the IMF was gen- 
erally northward and therefore unfavorable to 
reconnection between the IMF and the plan- 
etary magnetic field (/6). Indeed, no evidence 
for magnetic reconnection between the IMF and 
the planetary magnetic field was observed 
except for some FTEs seen after brief southward 
excursions of the IMF when MESSENGER was 
outside the magnetosphere (/7). Here we present 
measurements of magnetic reconnection and its 
effects on Mercury’s magnetosphere, taken by 
the MESSENGER Magnetometer (MAG) (/8) 
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Fig. 2. Overview of magnetospheric measurements taken by the MAG 
during MESSENGER’s second Mercury flyby. The magnetic field is dis- 
played in the MSO coordinate system, defined as Xyso directed from the 
center of the planet toward the Sun, Zyso normal to Mercury's orbital 
plane and positive toward the north celestial pole, and Yyso positive in 
the direction opposite to orbital motion. The longitude angle of the mag- 
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netic field is defined to be 0° toward the Sun and increases counterclock- 
wise looking down from the north celestial pole. The magnetic field 
latitude angle is 90° when directed northward and 0° when it is in the 
Xso-Ymso plane. The root mean square (RMS) variance is calculated over 
3-s intervals. CA was at an altitude of 199.4 km at 08:40:22 UTC, very 
near local midnight (00:04 local time). 
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during the spacecraft’s second Mercury flyby on 
6 October 2008. 

MESSENGER’s second flyby was, like the 
first, near-equatorial, but the spacecraft approached 
and entered the magnetosphere farther down- 
stream than in the previous encounter (Fig. 1). 
The inbound and outbound bow shock crossings 
were at 07:19:25 and 08:53:13 UTC, respectively. 
The inbound and outbound MP crossings were 
at 08:11:57 and 08:49:11. When MESSENGER 
passed into Mercury’s magnetotail (Fig. 2), there 
was a reduction in higher-frequency magnetic 
fluctuations, a rapid increase in magnetic field 
intensity, and a rotation in the orientation of the 
field to a near—anti-sunward orientation (that is, 
at a longitude angle near 180°), indicating that 
the spacecraft entered through the downstream 
MP into the south lobe of the magnetotail. 

About 30 s after entering the tail, a large- 
amplitude NS variation in the magnetic field 
lasting 4 s, followed by a longer recovery back 
to Bz ~ 0 [where X, ¥ and Z are defined in the 
Mercury solar orbital (MSO) coordinate system 
(Figs. 1 and 2)], can be seen in the latitude angle 
of the field (Figs. 2 and 3A). This pattern is the 
signature of a plasmoid (9). High-time-resolution 
magnetic field measurements (Fig. 3A) show 
only a brief decrease in the total field magnitude 
just before and during the first half of the NS Bz 
variation and only a weak By enhancement, indi- 
cating only a shallow penetration into the plasmoid. 
After the plasmoid encounter, a series of five 


NS TCRs was observed between 08:13:30 and 
08:17:00 UTC. The times between TCRs were 
~0.1 to 1 min, and their durations were ~2 to 10s 
(Figs. 2 and 3B). Remarkably, no energetic ions 
or electrons above 36 keV were measured by 
MESSENGER (/9) in association with these tail 
reconnection events, in contrast to the impulsive 
energetic particle events reported by Mariner 10 
during its first flyby, when the IMF was inter- 
mittently southward (/). 

No further plasmoids or TCRs were observed 
until seven SN TCRs were observed between 
08:23:06 and 08:32:04 UTC (Fig. 2). Like the 
earlier NS TCRs, these SN TCRs were identi- 
fied on the basis of the compression in the total 
field and the correlated SN perturbation in the 
relative Bz component (Fig. 3C). The times be- 
tween the SN TCRs were comparable to those 
of the NS TCRs, but their individual durations 
were slightly shorter. 

At Earth (/3, 20, 27), Jupiter (/7), and Sat- 
um (/2), plasmoids move down the tail with 
mean speeds of ~500 km/s. If a similar anti- 
sunward speed is assumed for the plasmoid ob- 
served by MESSENGER, then a diameter of 
~0.8 Ry (where Ry is Mercury’s radius, 2440 km) 
is implied. Relative to the dimensions of their 
respective magnetospheres, the plasmoids at 
Mercury and Earth appear similar in size, with 
diameters that are ~10% of the diameters of 
their magnetic tails. The transition from NS to 
SN TCRs observed by MESSENGER occurred 
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near Xviso ~ —2.6 Ru (Fig. 2), implying that this 
is the mean location of the near-Mercury neutral 
line (NMNL). At Earth, the corresponding near- 
Earth neutral line (NENL) distance is ~ —25 
Ry (2/). If the scaling factor of ~7 to 8 that has 
been found to map spatial structures in Mercury’s 
magnetosphere to that of Earth (/) is applied, 
then the NMNL is about 20% closer to Mercury 
than would be expected on the basis of its Earth 
analog. 

After measuring a peak magnetic field of 
~158 nT near closest approach (CA), a region 
of depressed magnetic fields and strong fluctua- 
tions beginning at 08:44:26 UTC (Figs. | and 2) 
was traversed before the spacecraft crossed the 
MP and exited the magnetosphere. A similar 
region of depressed magnetic field intensity and 
large-amplitude fluctuations was observed adja- 
cent to the dawn MP during the first flyby and 
attributed to the presence of a boundary layer 
with enhanced plasma pressure of unknown ori- 
gins (16, 17). Just inside the outbound MP dur- 
ing the second flyby, at a local time of ~08:48, 
the magnetic field magnitude was ~100 nT and 
the field was oriented primarily in the Zyso di- 
rection (Fig. 4A). When examined relative to 
the directions of minimum (B8,), intermediate 
(B2), and maximum (B83) variance (Fig. 4, B and 
C), the magnetic field variation across this out- 
bound MP resembles a steepened rotational dis- 
continuity with a strong component normal to 
the MP; that is, the mean magnetic field in the 
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Fig. 3. Magnetic field observations of (A) a NS plasmoid 4 s in duration at Xyso ~ —3.2 Ry; (B) a NS TCR 8 s in duration at Xyso ~ —3.1 Rm; and (C) a 
pair of SN TCRs, each 2 s in duration and separated in time by ~30 s, at Xyso ~ —1.8 Ryu. 
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minimum variance direction, B}, was ~13 nT 
(Fig. 4B), and a large, ~180° rotation takes place 
in the plane of intermediate and maximum 
variance; i.e., By and B3 (Fig. 4C). These 
signatures are well known from studies of 
Earth’s MP (5, 8) and indicate that reconnection 
was taking place at an X-line located northward 
of the MESSENGER trajectory. In contrast, 
magnetic field measurements from the first 
MESSENGER flyby during northward IMF 
indicated that the structure of the dayside MP 
was a tangential discontinuity with a near-zero 
mean normal magnetic field (/7). 

The rate of reconnection is directly propor- 
tional to the ratio of the normal component of 
the magnetic field to the total field (5). Typical 
normal magnetic field components at Earth’s 
MP for southward IMF are ~0.5 to 1 nT, and the 
ratio is ~1%. For the MP at Mercury, this ratio 
is 13 nT/100 nT = 13%, or about an order of 
magnitude greater than the typical value at 
Earth. Enhanced rates of MP reconnection at 
Mercury have been predicted because of the 
increase in interplanetary Alfven speed with 
decreasing distance to the Sun (22). Because 
MESSENGER crossed the MP just forward of 
the dawn terminator, it appears that the dayside 
X-line was at least 3 Ry, long. For a magneto- 


sheath flow of 300 km/s, the electric field 
potential applied to the magnetosphere equals 
3 Ru x (v x By) ~ 30 kV or a mean dawn-to- 
dusk internal electric field of ~2 mV/m. This 
electric field, along with the observed magnetic 
fields and magnetospheric dimensions, implies a 
Dungey cycle time (23) [time for plasma to drift 
from local noon to midnight in the polar cap or 
from the northern boundary of the tail down to 
the cross-tail current sheet] of ~2 min. The Dungey 
cycle time has been observed to determine the 
duration of magnetic substorms, and it ranges 
from ~1 month at Jupiter to ~1 week at Saturn 
(24) and ~1 hour at Earth (4). 

Sixteen seconds after the outbound MP cross- 
ing, MESSENGER encountered the strongest 
magnetic field measured during the second flyby, 
160 nT, in the core of an FTE ~3 s in duration 
(Fig. 4A). The helical topology is apparent in 
the bipolar By signature and the strong core field 
seen in the By and Bz components. However, 
the asymmetrical nature of the increase in mag- 
netic field intensity relative to the central bipolar 
By signature indicates that MESSENGER did 
not pass close to the central axis of this flux 
rope and that it was probably distorted by the 
force of the magnetosheath plasma flows (8). 
For a typical anti-sunward magnetosheath flow 
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speed of ~300 km/s and the measured 3-s du- 
ration of the event, the size of this FTE is ~900 km 
or ~0.4 Ry. The diameter of this FTE is much 
greater than the ~30-km gyro-radius of a mag- 
netosheath proton with a speed of 300 km/s in 
the 100-nT magnetic field just inside the MP. 
Relative to Mercury’s magnetosphere, this FTE 
has a diameter equal to 28% of the 1.4-Ry\y mean 
distance from the center of the planet to the nose 
of the MP. By comparison, the FTEs observed 
by Mariner 10 (25) were only about 1 s in du- 
ration and similar in relative size to the FTEs 
observed at Earth, where they have typical 
diameters of ~1 Re or about 9% of the average 
distance to the nose of the magnetosphere. The 
reason for the size difference between FTEs ob- 
served by Mariner 10 and MESSENGER is not 
clear, but the existence of large FTEs at Mer- 
cury supports predictions that solar wind kinetic 
scale lengths and the small dimensions of this 
magnetosphere will lead to a substantial increase 
in the size of FTEs at Mercury relative to those 
at Earth (26). Overall, these MESSENGER ob- 
servations suggest that magnetic reconnection at 
the dayside MP is very intense compared with 
what is found at Earth and, as a result, Mercury’s 
magnetosphere is probably much more sensitive 
to IMF intensity and direction than those of Earth 
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Fig. 4. (A) Magnetic field observations of the inner current sheet and MP bound- 
ary observed as MESSENGER exited the dawn-side magnetosphere. (B) Magnetic 
field measurements across the MP graphed in the plane of maximum and mini- 
mum variance. The minimum, intermediate, and maximum variance eigenvectors 
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are B, = (0.95, 0.00, 0.30), By = (-0.07, 0.97, 0.22), and Bs = (0.29, —0.23, 
0.93), and the ratios of maximum to intermediate and intermediate to minimum 
eigenvalues are 9.2 and 4.2, respectively. (C) Magnetic field measurements 
across the MP graphed in the plane of maximum and intermediate variance. 
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and the other magnetized planets. The strong 
influence of the IMF on the magnetosphere 
should also serve to enhance the coupling be- 
tween the solar wind and Mercury’s surface- 
bounded exosphere (27). 
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MESSENGER Observations of Mercury's 
Exosphere: Detection of Magnesium 
and Distribution of Constituents 


William E. McClintock,?* Ronald J. Vervack Jr.,2 E. Todd Bradley,? Rosemary M. Killen,* 
Nelly Mouawad,* Ann L. Sprague, Matthew H. Burger,’ Sean C. Solomon,® Noam R. Izenberg” 


Mercury is surrounded by a tenuous exosphere that is supplied primarily by the planet’s surface 
materials and is known to contain sodium, potassium, and calcium. Observations by the Mercury 
Atmospheric and Surface Composition Spectrometer during MESSENGER’s second Mercury flyby 
revealed the presence of neutral magnesium in the tail (anti-sunward) region of the exosphere, as 
well as differing spatial distributions of magnesium, calcium, and sodium atoms in both the tail 
and the nightside, near-planet exosphere. Analysis of these observations, supplemented by 
observations during the first Mercury flyby, as well as those by other MESSENGER instruments, 
suggests that the distinct spatial distributions arise from a combination of differences in source, 


transfer, and loss processes. 


hereas the interface between the plan- 

etary surface and external space 

environment is a classical, collision- 
dominated atmosphere for the three largest 
terrestrial planets, Mercury’s interface is a ten- 
uous, surface-bounded exosphere in which the 
constituent atoms and molecules travel on col- 
lisionless trajectories and are far more likely to 
impact the surface than to interact with each 
other. Mercury’s exospheric properties are pri- 
marily determined by the interaction of the sur- 
face with the space environment. The planet’s 
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highly elliptical orbit and proximity to the Sun 
lead to strong seasonal variations in exospheric 
density distributions (7, 2). In addition, Mer- 
cury’s intrinsic magnetic field interacts with the 
interplanetary medium to modulate the spatial 
distribution and density of solar wind plasma and 
high-energy charged particles that impact and 
sputter materials from the planet’s surface. This 
interaction leads to changes in exospheric den- 
sities that vary on time scales as short as a few 
hours (3). Impacts also supply both meteoritic 
and volatilized surface materials to the exosphere. 

Constituents that have been detected in 
Mercury’s exosphere include H and He, which 
were measured by the Mariner 10 Ultraviolet 
Spectrometer (4, 5), and Na, K, and Ca, which 
were discovered with ground-based telescopes 
(6-8). Neutral species released from the surface 
with sufficient energy are accelerated by solar 
radiation pressure to form an extended, anti- 
sunward tail of neutral atoms, as demonstrated by 
ground-based observations of Mercury’s Na tail 
(9-11). Here, we report observations of Mg, Ca, 


and Na in Mercury’s exosphere and tail obtained 
with the Ultraviolet and Visible Spectrometer 
(UVVS) channel of the Mercury Atmospheric 
and Surface Composition Spectrometer (MASCS) 
(12) on 6 October 2008 during the second Mer- 
cury flyby of the MESSENGER spacecraft (73). 

Observations made by the UVVS during the 
first Mercury flyby on 14 January 2008 revealed 
a distinct north-south asymmetry (25% brighter 
in the north) to the Na tail and a near-planet, 
nightside Ca distribution with a strong dawn- 
dusk asymmetry (10 times brighter toward the 
dawn) (/4). To explore these structures further, 
observations during the second flyby included 
simultaneous measurements of both of these 
species as well as Mg, beginning in Mercury’s 
tail approximately 8 Ry, (Ru is Mercury’s radius, 
2440 km) anti-sunward of the planet, continuing 
through the nightside, near-planet exosphere, and 
ending near the dawn terminator. The observa- 
tions were restricted to narrow wavelength ranges 
centered on the resonant emission lines of the 
neutral atoms at 285.2 nm (Mg), 422.7 nm (Ca), 
and 589.0 and 589.6 nm (Na D2 and D1 lines, 
respectively). These observations confirmed the 
persistence of Na and Ca structures seen in the first 
flyby and revealed Mg in Mercury’s exosphere. 

Observations of the D lines of Na began in the 
tail region ~56,000 km (23 Ry) behind the plan- 
et. At ~35,000 km from the planet, the UVVS 
switched observing programs to include the Mg 
and Ca resonance lines, which continued until the 
spacecraft was ~5000 km from the planet. Al- 
though the Na was clearly present from the be- 
ginning, the Ca and Mg emissions were detected 
with statistical significance only at distances less 
than 19,500 km (8 Ry). 

During the tail observations the spacecraft 
rolled up and down about the Sun-Mercury line, 
scanning the UVVS 0.1° x 1.0° field of view 
across a plane defined by the Sun-Mercury line 
and Mercury’s north pole. As the spacecraft ro- 
tated, spectra from Mg, Ca, and Na were re- 
corded in rapid succession along nearly identical 
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lines of sight. The observations were designed to 
sweep the line-of-sight (LOS) intercept with the 
plane through a vertical distance bounded by +3 
Ry, which required the rotation angle to increase 
monotonically from +5° to +40° as the spacecraft 
approached the planet [see figure 1A in (/4)]. 
Therefore, the UVVS LOS swept through larger 
angles as the tail observations progressed. In ad- 
dition, the LOS often crossed Mercury’s shadow, 
complicating density determinations because the 
observed resonance lines are excited by solar 
illumination, and atoms in the shadow region are 
not sunlit. The relative strength of the emission as 
a function of look direction, however, is a robust 
measurement because the UVVS effectively 
integrates from the spacecraft to infinity. 

Mg emission (Fig. 1D) appears to be nearly 
uniformly distributed but shows evidence for a 
weak, double-lobed, north-south enhancement. 
Whereas Ca emission (Fig. 1E) peaks near the 
equatorial regions and declines toward higher 
latitudes, Na emission (Fig. 1F) exhibits a distinct 
high-latitude enhancement relative to the equato- 
rial regions. Signals from both Mg and Ca are 
weaker than for Na; therefore, some of the varia- 


tions seen in Fig. 1 result from detector count 
noise, which, after conversion to radiance, have 
one-standard-deviation values of 11, 9, and 75 
rayleighs (R) for Mg, Ca, and Na, respectively. 
Although slight differences in viewing geometry 
do not allow for a direct comparison, Na tail ob- 
servations from both MESSENGER flybys show 
an enhancement of emission at higher latitudes 
(Fig. 1G), a pattern noted in ground-based obser- 
vations (/0) and ascribed to variations in the 
solar-wind-sputtering source component of Na 
atoms. Because flybys 1 and 2 occurred at Mer- 
cury true anomaly 285.3° and 293.6°, respective- 
ly, differences in the exosphere resulting from 
seasonal variations are expected to be small. 
Once the spacecraft entered Mercury’s shad- 
ow, the UVVS carried out a “fantail” series of 
observations to explore the near-planet exosphere 
(Fig. 2, A and C). These began with the UVVS 
LOS pointed in Mercury’s equatorial plane 
toward the dawn hemisphere. They continued 
as the spacecraft executed a 180° roll through 
north, and finished with the LOS pointed near the 
equatorial plane toward the dusk hemisphere. 
Immediately after the fantail, the UVVS LOS 
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Fig. 1. Example emission spectra and radiance maps from the tail 
observations. (A to C) Sums of 100 spectra obtained for each 
species over the distance range 8 Ry to 2 Ry. These spectra have 
been fit with Gaussian functions (dashed lines) to delineate the 
emission profile. The UVVS detectors are photon-counting 
photomultiplier tubes. Their signals are total numbers of photon 
counts, and each uncertainty is the square root of the total number 
of counts (photons plus dark). Thus, the measured signal-to-noise 
ratios are 119, 204, and 679, for Mg, Ca, and Na, respectively. (D 
to F) Emission from Mg, Ca, and Na during the tail observations. 
Here, detected photon counts have been converted to column 
emission, expressed in rayleighs (1 rayleigh = 10° photons cm~? s 
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emitted into 47 steradians), using instrument calibration coef- 

ficients, determined during ground tests (12). Individual observations (white squares) are overlaid on an 
image generated by projecting the observed LOS emissions onto a plane containing the Sun-Mercury line 
and the planet's north pole and interpolating to fill in regions not observed. (G) The Na tail emission from 
the first Mercury flyby, truncated at 2.1 Ry anti-sunward to match the spatial coverage obtained here. 
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intersected the nightside surface of the planet. As 
the spacecraft passed through closest approach 
and began its outbound leg, it emerged from 
Mercury’s shadow. Although the LOS still in- 
tersected the nightside surface, at least some part 
of the column between the spacecraft and surface 
was illuminated and resulted in measurable emis- 
sion (Fig. 2, B and D). These observations con- 
tinued until the LOS crossed the dawn terminator, 
at which point sunlight reflected from the bright 
dayside disk precluded exospheric observations. 

As with the tail observations, both the fantail 
and near-terminator observations showed differ- 
ing spatial distributions of the three constituents. 
Ca emission peaked near the dawn equator and 
monotonically declined during the rotation to the 
dusk direction. Na emission was weakest in the 
dawn direction, passed through a maximum near 
the north pole, and declined slightly toward dusk. 
In contrast, Mg emission remained more or less 
uniform throughout the fantail. During the near- 
terminator observations, all three species showed 
an increase in emission intensity as the illuminated 
column along the LOS increased as the space- 
craft approached the dayside. Whereas the Ca 
and Mg emissions grew at a rate proportional to 
the illuminated column length, Na emission in- 
creased more rapidly. 

The principal processes that liberate material 
from the surface and populate the exosphere 
include thermal desorption, photon-stimulated de- 
sorption, electron-stimulated desorption, meteoroid- 
impact vaporization, and ion sputtering (e.g., /5). 
Ion sputtering followed by meteoroid-impact va- 
porization are the most energetic, and these pro- 
cesses, acting on regions of the surface near the 
terminator, likely provide the bulk of material 
observed in the tail region. Once species are 
lofted above the surface with an initial release 
velocity, their distributions are determined by 
gravity, radiation pressure, and photoionization 
followed by magnetic and electric field transport 
ending in either a rapid loss to the system along 
open magnetic field lines or a return to the sur- 
face. The relevant transport and ionization life- 
times (6, 17) vary greatly for Mg, Ca, and Na 
(Table 1). 

During flyby 2, the tail sweeps exhibited a 
brightness, uniform in the north-south direction, 
of 610 R at 56,000 km that increased as the 
inverse square of the distance from planet center. 
Near 22,000 km, where flyby 2 measurements 
first overlap those from flyby 1, radiance values 
of 3640 R (flyby 2) and 3420 R (flyby 1) were 
nearly identical, and the flux of Na escaping 
down the tail was ~6 x 107 atoms s | at both 
encounters. That neutral Na can reach great 
distances is a consequence of its relatively long 
lifetime, coupled with intense radiation pressure. 
Atoms released from the surface with anti- 
sunward velocities as small as 1.4 km st, 
corresponding to 0.23 electron volts (eV) of 
kinetic energy, are accelerated down the tail ~35 
Ry, to a velocity of 8 km s |, in one ionization 
lifetime. 
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Closer to the planet, the Na tail emissions 
observed during both MESSENGER flybys dis- 
play distributions peaked at high latitudes (Fig. 1, 
F and G), a feature commonly seen in ground- 
based observations (10, 18-20). These enhance- 
ments are consistent with a scenario in which 
energetic Na ions are ejected from the surface by 
ion sputtering at high latitudes (/0, 19). The con- 
clusion that there is substantial high-latitude en- 
hancement is robust, although tracings of the lines 
of sight through a detailed, three-dimensional 
model are required to rule out the possibility that 
some fraction results from an observational bias 
produced by the larger out-of-plane viewing an- 
gles that occur near the end of the tail obser- 
vations. A high-latitude enhancement is further 
supported by the fantail observations of Na, 
which also showed a considerable increase 
toward the north pole (Fig. 2, A and C). If the 
Na distribution were symmetric about the Sun- 
Mercury line, the fantail would show uniformly 
increasing emission as the LOS rolled from dawn 
to dusk, because the field of view would intersect 
a monotonically increasing density (and therefore 
monotonically increasing emission brightness) 
while the spacecraft approached the planet’s 
nightside. The ratio of observed emission in the 
dawn and dusk directions is compatible with a 
distribution that is symmetric about the Sun- 
Mercury line and increases toward the terminator, 
as would result from a symmetric source process 
such as photon-stimulated desorption; however, 
the northern excess requires an additional, high- 
latitude source of Na atoms, most probably 
related to solar-wind sputtering of Na atoms 
(Fig. 2C). 

During the first flyby, Na emission appeared 
relatively bright in the northern hemisphere [Fig. 
1G; see also figure | in (/4)]. In contrast, Na 
emission strengths were nearly equal to the north 
and south during the second flyby. This result is 
consistent with MESSENGER magnetosphere 
observations, which suggest that the solar wind 
plasma impingement on Mercury’s surface was 
directed toward higher northern latitudes during 
the first flyby but more uniformly distributed 
during the second flyby (2/—24). 

In contrast to Na, the UVVS Ca tail-region 
observations show a definite equatorial peak and 
no high-latitude enhancements (Fig. LE). Fur- 
thermore, there is a clear concentration of Ca 
emission in the dawn equatorial region during the 
fantail observations (Fig. 2, A and C). Calcium’s 
ionization lifetime at Mercury is 1700 s, and the 
effect of radiation pressure is relatively small; 
therefore, Ca atoms released from the surface 
must be extremely energetic (~S to 7 eV) to travel 
down the tail to 4 or 5 Ry before being ionized. If 
the Ca observed here were released to the exo- 
sphere by solar-wind sputtering or by meteoroid 
impact, it must come from the high-energy tails 
of these source processes. Alternatively, it has 
been suggested that CaO is released from the 
surface into the exosphere, where it is photodis- 
sociated, producing energetic Ca atoms (e.g., 25). 


The dawn-dusk asymmetry in Ca emission, 
observed in both flybys, may result in part from 
enhanced meteoroid impact velocity and flux on 
the dawn side resulting from Mercury’s orbital 
motion. An additional contribution may come 
from exospheric atoms that return to the surface 
on the nightside and are subsequently lofted by 
photon desorption after sunrise (the energy im- 
parted by thermal desorption is insufficient to 
produce a population of Ca atoms behind the 
planet). 

Although the Mg tail (Fig. 1D) and fantail 
emissions (Fig. 2, A and C) are most consistent 
with an isotropic distribution, there is statistically 
significant evidence for weak high-latitude com- 
ponents in the tail region. Mg and Ca are chemi- 


Fig. 2. Emission from 
Mg, Ca, and Na during 
(A) the “fantail” and (B) 
the near-dawn termina- 
tor. The arrows in each 
panel indicate the direc- 
tion of the UVVS LOS 
during the Na observa- 
tions. During the near- 
terminator observations, 
the LOS is pointed at the 100 150 
surface of Mercury, ap- 200 400 600 
proximately in the equa- 
torial plane. In both images, 
the lines of sight for Mg 
and Ca are approximately 
equally spaced between 
adjacent Na observations 
because the three species 
are measured consecutive- 
ly before the sequence 
repeats. (C) Line plots of 
the fantail emissions. A 
model profile consistent : : 
with emission from a Na 0 200 400 
distribution that increases 
toward the terminator 
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cally similar; however, the atomic mass of Mg is 
a factor of 1.65 smaller than Ca, its ionization 
lifetime is 124 times longer, and radiation pres- 
sure is negligible for Mg. Thus, an anti-sunward 
release velocity of 3.7 km s ', corresponding to 
~1.7 eV minimum (>2.4 eV average) energy, is 
required to propel it to an altitude of ~4 Ry, anda 
radial velocity of 4.3 km s | is required for es- 
cape. The small radiation pressure and long 
lifetime suggest that the majority of the Mg 
atoms will most likely return to the surface rather 
than be photoionized like Ca or escape down the 
tail like Na. 

In the near-terminator region, the observed 
emissions from the exosphere increase as the 
illuminated column between the spacecraft and 
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and is symmetric about the Sun-Mercury line (dashed line; calculated from a model that includes 
symmetric impact vaporization and photon-stimulated desorption sources only) must be supplemented by 
an additional component concentrated to the north to reproduce the observations. In contrast, Ca exhibits a 
nearly linear decline from dawn to dusk, consistent with being most abundant toward dawn, while Mg is 
approximately uniform with direction. Ca emission observed in similar sequences during the first Mercury 
flyby (thin green line) showed nearly identical fantail behavior. In the near-terminator region, the observed 
emissions from the exosphere increase as the illuminated column length between the spacecraft and the 
surface grows. (D) Line plots of emission as functions of LOS distance behind the terminator. 


Table 1. Transport and photoionization parameters. 


Species Radiation lonization lifetime Column density factor* 
acceleration/surface (s) (atoms cm~? R72) 
gravity* 
Mg 4.7 x 10° 2.1 x 10° 3.15 x 10° 
Ca 0.12 1.7 x 10° 4.42 x 10° 
Na 0.47 2.0 x 10° 1.63 x 10° 


*Acceleration due to radiation pressure as a fraction of surface gravity and column density factor for an atom at rest with 
respect to Mercury (-9.5 km s~* with respect to the Sun) at the true anomaly angle corresponding to the time of the second 
MESSENGER flyby. As Na and Ca atoms accelerate anti-sunward, the presence of deep absorption lines in the solar spectrum 


first causes a decrease in these values, followed by an increase. 
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the surface grows. Line plots of emission as 
functions of LOS distance behind the terminator 
(Fig. 2D) reveal a more rapid increase for Na than 
for Ca and Mg. This difference is consistent with 
the view that there is a substantial concentration 
of low-energy Na relative to Ca and Mg near the 
terminator. 

In the fantail and near-terminator regions, 
emission rates were converted to approximate 
LOS abundances using column density factors 
(Table 1) calculated from g values (the emission 
probability per atom, expressed as photons s ! 
atom ') for atoms at rest with respect to Mercury 
(26). These estimates indicate that although the 
average Na and Mg abundances measured by 
MASCS in the near-planet exosphere are com- 
parable, those for Ca are smaller than Na by a 
factor of ~35 to 40. Because flyby observations 
do not provide complete coverage, it is not 
possible to determine whether these differences 
result from the relative amounts of Mg, Ca, and 
Na released to the exosphere or from differences 
in photoionization lifetimes and transport. 

The detection of Mg in Mercury’s exosphere 
is not a surprising result and supports the iden- 
tification of Mg” in the planet’s magnetosphere 
during MESSENGER’ s first flyby (27). Ground- 
based spectroscopic observations of the regolith 
indicate the presence of Mg-bearing minerals as 


well as those of Ca and Na (28). Additionally, 
analysis of global-scale color images obtained 
during the MESSENGER flybys argues for a 
substantial Mg component in Mercury’s crust 
(29). Therefore, a considerable portion of the Mg 
in the exosphere must be derived from Mercury’s 
surface materials (/5, 79, 20). On the other hand, 
the differences in spatial distributions observed 
here, particularly those of the chemically similar 
elements Mg and Ca, were unexpected and re- 
main unexplained. 
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The Evolution of Mercury's Crust: 
A Global Perspective from MESSENGER 


Brett W. Denevi,?* Mark S. Robinson,? Sean C. Solomon,” Scott L. Murchie,” 
David T. Blewett,? Deborah L. Domingue,? Timothy J. McCoy,’ Carolyn M. Ernst,? 
James W. Head, Thomas R. Watters,° Nancy L. Chabot? 


Mapping the distribution and extent of major terrain types on a planet's surface helps to constrain 
the origin and evolution of its crust. Together, MESSENGER and Mariner 10 observations of 
Mercury now provide a near-global look at the planet, revealing lateral and vertical heterogeneities 
in the color and thus composition of Mercury's crust. Smooth plains cover approximately 40% of 
the surface, and evidence for the volcanic origin of large expanses of plains suggests that a 
substantial portion of the crust originated volcanically. A low-reflectance, relatively blue 
component affects at least 15% of the surface and is concentrated in crater and basin ejecta. Its 
spectral characteristics and likely origin at depth are consistent with its apparent excavation from 
a lower crust or upper mantle enriched in iron- and titanium-bearing oxides. 


14 January 2008 and 6 October 2008) 

by the MESSENGER spacecraft, together 
with Mariner 10 observations, provide high- 
resolution images of 90% of this enigmatic planet’s 
surface (/). These data permit a planet-wide assess- 
ment of the processes that shaped Mercury’s 
crust: volcanism, deformation, and impact cra- 
tering. Crustal stresses play an important role in 
modulating and directing magmatic activity, im- 
pacts localize both volcanic and tectonic activi- 
ty, and craters and ejecta provide our only probe 
deep into the crust. Here, we present a global 
catalog of the major geologic terrains and their 


T: close-approach flybys of Mercury (on 
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stratigraphy and distribution across the surface, 
as well as an assessment of their implications for 
the formation and evolution of Mercury’s crust. 

MESSENGER’s second flyby has confirmed 
the prediction (2), made on the basis of Mariner 
10 images of less than half of Mercury’s surface, 
that tectonic features on Mercury are dominantly 
contractional (3, 4). Because a lithospheric stress 
state dominated by compression inhibits the ascent 
of magma, the timing of deformation recorded by 
lobate scarps (Fig. 1A) and other contractional 
landforms is important for understanding the 
history of volcanism on Mercury (5). The second 
MESSENGER flyby also reinforced the view that 


volcanism was an important process in Mercury’s 
geologic history (6-8). Similar to features seen 
in images from the first flyby (6, 7), spectrally 
distinct plains deposits (Fig. 2), lobate margins, 
crater embayment and flooding relationships, and 
wrinkle-ridge rings (Fig. 1A) provide evidence 
for widespread effusive volcanism. Rimless de- 
pressions surrounded by material of higher albedo 
and a steeper spectral slope (Fig. 1B) are addi- 
tional candidates for sites of explosive volcanism 
(6, 7). 

MESSENGER’s flybys have emphasized that 
first-order albedo and color contrasts on the 
planet are largely dominated by fresh crater ma- 
terials. The second flyby revealed the rays and 
interiors of two large rayed craters, termed “A” 
and “B,” that were first discovered with Earth- 
based radar (9). The rays of crater A (85 km in 
diameter and centered at 34°S, 12°E) extend 
approximately 1900 km, and those of crater B 
reach at least 4500 km (Fig. 1C). On the Moon, 
rays rarely exceed 2000 km in length (/0). Rays 
of such great extent are thus unexpected on 
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Mercury, given the higher gravitational acceler- 
ation and comparatively limited extent of contin- 
uous ejecta deposits (//). Among the possible 
explanations for these findings are that the two 
Mercury craters are substantially younger than 
the lunar crater Tycho, ray material coalesces more 
efficiently to make distal rays more distinctive, 
space weathering on Mercury is less efficient at 
erasing rays than on the Moon, or ray material 
travels farther on Mercury than predicted. In ad- 
dition to exposing fresh material, impact events 
also excavate material from depths as great as 
tens of kilometers below the surface, providing 
a means to assess vertical heterogeneities in the 
crust (Fig. 2). 

The latest MESSENGER data confirm the 
presence on Mercury of albedo and color varia- 
tions related to compositional heterogeneities 
(8). These variations are subtle compared with 
those of the Moon. Mercury shows variations 
smaller in relative reflectance of mature terrain 
than does the Moon (factor of 1.7 versus 2.6 at 
750 nm) but larger than variations across the 
lunar highlands (1.1) or among major mare units 
(1.4). Multispectral images from the Mercury 
Dual Imaging System (MDIS) (/) and ultra- 
violet (UV)-visible-near-infrared (NIR) spectra 
from the Mercury Atmospheric and Surface 
Composition Spectrometer (MASCS) show that 
Mercury’s major color units all share red-sloped 
reflectance spectra without strong crystal-field 
absorptions by iron-bearing silicates for both 
mature and immature materials (/2, /3) (Fig. 
3A). Color variations among units are thus pri- 
marily products of changes in the steepness of 
the spectral slope (430 to 1020 nm), with steeper 
slopes termed relatively red and shallower slopes 
relatively blue. 

Spectral slope, relative reflectance, and mor- 
phology distinguish three major terrain types (/3) 
on Mercury: smooth plains, intermediate terrain 
(IT), and low-reflectance material (LRM). The 
second flyby color data demonstrate that these 
three terrains are broadly sufficient to describe 
the majority of Mercury’s surface and allow fur- 
ther subdivision. 

The smooth plains have a lower density of 
impact craters (14) and typically fill low-lying 
areas such as impact craters and basins. Their 
reflectance and spectral slope vary from unit to 
unit, and three subtypes are identified from global 
color data (Fig. 3A). High-reflectance red plains 
(HRP) are the most conspicuous of the smooth 
plains, with reflectances of up to 20% above the 
global mean and relatively steep spectral slopes. 
These plains typically display sharp color and 
morphologic boundaries with surrounding ter- 
rain (6, /3). Intermediate plains (IP) have re- 
flectance and color properties similar to the global 
mean. They also exhibit sharp morphologic bound- 
aries with the surrounding terrain, as well as 
color boundaries where they overlie LRM. Low- 
reflectance blue plains (LBP) have reflectances 
15% below the global mean and spectral prop- 
erties intermediate to IP and LRM. A decrease 


in spectral slope of ~3% is observed from HRP 
to LBP. 

The IT includes areas with a higher crater den- 
sity than smooth plains and generally corresponds 
to regions mapped as heavily cratered terrain 
and intercrater plains from Mariner 10 images 
(15, 16). The reflectance and color properties of 
the IT are similar to the global mean, although 
they show moderate variation. 

The LRM exhibits reflectances as low as 
30% below the global mean, and its spectral 
slope is ~5% lower than that of the HRP (Fig. 
3A). At wavelengths below ~500 nm, spectra of 
the LRM exhibit a relative upturn, most clearly 
observed in ratioed MASCS spectra (/2). The 
spectral properties of LRM are remarkably con- 
sistent and show little change whether they are 
freshly exposed in crater ray deposits or have 
been long exposed to the space-weathering en- 
vironment on the surface. LRM occurs as broad 
regions with diffuse margins as well as in con- 
centrated “centers” typically comprised of crater 
or basin ejecta. The LRM does not exhibit dis- 
tinctive morphologic characteristics; it includes 
terrain that would typically be mapped as IT, 
were it not for its color properties. 

We created enhanced color images from 11- 
band, photometrically corrected wide-angle cam- 
era (WAC) (7) mosaics (0.5 to 5.0 km per pixel) 
and combined the second principal component, 
first principal component, and 430/1000—nm ratio 


Fig. 1. Geologic features revealed by the second 
MESSENGER flyby of Mercury. (A) A lobate scarp 
(white arrows) 1 km in relief and over 160 km long 
cuts smooth plains that fill a degraded crater 200 km 
in diameter (10°N, 89°E). Black arrows indicate a 
wrinkle-ridge ring that overlies an ~30-km-diameter 
impact crater buried by plains materials. (B) NAC 
mosaic of Praxiteles crater (182 km in diameter; 
27°N, 300°E) with WAC enhanced color overlay. 
Orange areas are spectrally similar to other areas 
that are interpreted to be pyroclastic deposits (6), 
and they are similarly associated with rimless 
depressions (arrows). (C) An unnamed impact crater 
(white arrow; 58°N, 17°E) 100 km in diameter with 
a ray system extending more than 4500 km from 
the crater. 


into red-green-blue composite images (Fig. 4A) 
(/3). The second principal component largely 
removes the spectral effects of maturity, so that 
the red-blue planes encode compositional varia- 
tions in the surface material, whereas the green 
plane is dominated by maturity variations and 
therefore highlights fresh craters. Together with 
narrow-angle camera (NAC) (/) high-resolution 
(0.3 to 0.5 km per pixel) images, these products 
allow near-global mapping on the basis of both 
color and morphology. Areas of MDIS mosaics 
with high Sun illumination, which is disadvan- 
tageous for viewing topography and texture, were 
supplemented with Mariner 10 images (1 km per 
pixel) (17) where available; otherwise, these high- 
Sun-illumination areas were excluded. 

These data demonstrate that smooth plains are 
widespread on Mercury: They cover ~40% of the 
surface and are globally distributed (Fig. 4B). On 
the basis of Mariner 10 images, estimates for the 
areal extent of smooth plains varied from 15 to 
40% (2, 18). Individual deposits range from hun- 
dreds of square kilometers to 1.7 million km? 
(the Caloris basin interior plains), rivaling the 
sizes of the largest flood basalt units on the 
Earth or Moon. The majority of smooth plains 
are probably of volcanic origin (2, 6), although 
impact melt and basin ejecta are likely explana- 
tions for a subset of plains units. Vast expanses 
of smooth plains deposits with features that are 
diagnostic of volcanically emplaced materials 
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(2, 6, 7, 18) demonstrate that volcanism was ex- 
tensive on Mercury. In many areas, a sequence of 
several generations of smooth plains can be ob- 
served, and crater excavation relationships dem- 
onstrate that smooth plains can be as thick as 
5 km (6, 19). The globally distributed intercrater 
plains of the IT may simply be older and more 
degraded smooth plains that formed through 
widespread volcanism during or at the end of 
the late heavy bombardment (/6); however, 
emplacement as basin ejecta remains a possi- 
bility (20). 

Observations from the second MESSENGER 
flyby confirm that the LRM is a key terrain type 
(73): It covers at least 15% of Mercury, and 
individual regions of LRM can be greater than 
4 million km” in extent (Fig. 4). Because of the 
diffuse nature of regional LRM deposits, most 


LRM boundaries are mapped as approximate. 
At least 65 craters and basins greater than 20 km 
in diameter exhibit some form of LRM ejecta, 
implying depths of origin of the LRM from sev- 
eral kilometers to as much as 25 km. The asso- 
ciation with impact crater and basin ejecta and 
the observation that regional LRM deposits are 
often without clear morphologic boundaries (aside 
from distinct margins in crater and basin ejecta, 
or where embayed by smooth plains) and occur 
as thin surficial deposits in many locations indi- 
cate a subsurface origin through impact excavation 
and subsequent distribution across the surface as 
an ejecta veneer (Fig. 2). Thus, LRM source ma- 
terial appears to originate at depth and may rep- 
resent a component of the lower crust or upper 
mantle that was redistributed on the surface. How- 
ever, the absence of LRM in the ejecta of many 


Fig. 2. Key stratigraphic relationships observed by MDIS. (A) and (B) show portions of the highest- 
resolution color images (462 m per pixel); (C) and (D) are composites of NAC and WAC mosaics. (A) 
Smooth plains fill a degraded basin near the crater Rudaki (image centered at 4°S, 304°E). The ejecta 
of the 68-km-diameter crater near the center has an elevated albedo and steeper spectral slope than 
the surrounding plains, suggesting that the surface layer of IP buried an HRP unit exposed by this 
crater. Portions of the central peak have exhumed LRM from an estimated depth (38) of 7 to 10 km. (B) 
Crater Titian (121 km in diameter; 4°S, 317°E) excavated LRM from beneath smooth plains; this LRM 
ejecta masks the spectral character of older smooth plains, except where small craters re-expose plains 
material (white arrow). Younger smooth plains fill Titian, and small impacts expose LRM from below 
these plains (black arrows). (C) LRM center in unnamed crater (165 km in diameter; 9°S, 20°E). The 
asymmetrical distribution of LRM exposed by impact craters is common. (D) LBP northwest of Caloris 
basin (43°N, 121°E). The LBP are spectrally indistinguishable from the older craters they embay and do 
not have a sharp morphologic boundary with IP/HRP. Within the LBP, large impact craters typically do 
not have spectrally distinct ejecta [as opposed to those in (A) to (QJ. All scale bars are 50 km. 
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large impact craters demonstrates heterogeneous 
distribution of its source material throughout the 
crust both horizontally and vertically (Fig. 3B). 
In some cases, diffuse LRM deposits may have 
originally been magmatically emplaced as in- 
trusive or extrusive deposits, now degraded and 
mixed through impact processes. 

The relationship between the diffuse LRM 
deposits and LBP is complex. In some places, 
LRM ejecta constitute a thin surface coating on 
HRP or IP, masking the inherent color properties 
of the plains (Fig. 2B). The circum-Caloris plains, 
the largest expanse of LBP, are also the most 
complicated. Several observations imply a rela- 
tionship with Caloris ejecta: The plains generally 
have no distinct boundaries with the hummocky 
plains of the Odin Formation (interpreted to be 
basin ejecta); radially away from Caloris, they 
are often interfingered with IP/HRP; in portions 
of their distal margins, they have no distinct mor- 
phologic or color boundaries and grade into 
HRP; and in some areas with distinct morpho- 
logic boundaries, their color properties are indis- 
tinguishable from the terrain they embay (Fig. 
2D) (7, 13). However, crater counts indicate that 
they are younger than the Caloris interior plains, 
which in turn are younger than Caloris rim ma- 
terials (14, 21), and thus these LBP are inter- 
preted to be the result of later resurfacing that 
was potentially of volcanic origin (/4, 21). These 
conflicting observations must be reconciled be- 
fore the nature of the LBP can be confidently 
understood. 

The widespread distribution of smooth plains 
that are interpreted to be of volcanic origin dem- 
onstrates that the global compressive lithospheric 
stresses indicated by lobate scarps did not pre- 
clude extensive volcanism at least until well after 
the formation of the Caloris basin. Wrinkle ridges 
and lobate scarps (Fig. 1A) in many smooth 
plains units suggest that contractional deforma- 
tion continued after the emplacement of the 
youngest volcanic plains (4). Understanding the 
ascent and eruption of magma requires knowl- 
edge of the mechanical structure and the evo- 
lution of stress both globally and locally as well 
as the density and thickness of the crust and of 
mantle-derived magmas (5, 22). Observations to 
date make it difficult to place precise constraints 
on these parameters, although current composi- 
tional interpretations argue against a large den- 
sity contrast between Mercury’s crust and upper 
mantle. 

The interpretation of MDIS color units in 
terms of lithologic units poses a challenge. Earth- 
based reflectance spectra (23), confirmed by 
MESSENGER observations of mature and im- 
mature material (/2, 13), show no 1-um absorp- 
tion band, implying a low (<6 weight percent) 
ferrous iron (FeO) content of silicate minerals 
(23, 24). Thermal emission measurements at 
microwave wavelengths (0.3 to 20.5 cm) indi- 
cate that Mercury’s surface is 40% more trans- 
parent than the lunar highlands (25). These two 
observations have led to the inference that 
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Fig. 3. (A) MDIS spectra A 0.10 
(photometrically corrected 

to an incidence angle of one 
30° and an emission angle 0.08 
of 0°, both measured from 

the vertical) of the three =~ 9-07 
type examples of smooth 2 0.06 
plains and the LRM. VF & 
(radiance factor, known 6 0.05 
as reflectance) is the ob- 0.04 
served radiance divided : 
by the expected radi- 0.03 
ance from a normally solar- 0.02 


illuminated Lambertian 
surface. Remaining uncer- 
tainties in the calibra- 


tion contribute to the small wiggles seen in these spectra. (B) Schematic of 
the complex vertical and lateral heterogeneities expected as a result of the 
accumulation of Mercury's crust through extrusive and intrusive volcanism over 
time. Colors show the compositional variation among HRP (light orange), IP (dark 
orange), LBP (light blue) deposits, and LRM centers (dark blue). The sectioned 
crater on the left depicts a possible origin for color variations, such as those of 
Fig. 2A. Rim materials excavate buried HRP, and the central peak exposes buried 
LBP. The sectioned crater on the right shows the morphology of LRM streamers, 


Mercury’s crust contains lower abundances of 
iron (Fe) plus titanium (Ti) than the lunar high- 
lands (23-25). However, Mercury’s average reflec- 
tance is similar to, or lower than, the reflectance 
of the integrated lunar nearside (26), 30% of 
which is covered by high-Fe, high-Ti basalts. 
Mercury’s reflectance cannot be ascribed solely 
to differential space weathering of a lunarlike 
anorthositic crust, because immature materials 
on Mercury are also as much as 30% lower in 
reflectance than comparable material on the 
Moon (/3, 17). This result indicates that Mer- 
cury’s crust is not dominantly anorthositic but 
instead possibly rich in low-Fe pyroxene or 
olivine (both of which have reflectances lower 
than that of anorthite) and a spatially variable low- 
reflectance component. During MESSENGER’s 
second Mercury flyby, MASCS observations de- 
tected magnesium (Mg) in the exosphere, a result 
that requires a substantial source of Mg at Mer- 
cury’s surface (27), such as magnesian pyroxene. 

The lack of a 1-um band, the presence of the 
spatially variable LRM, and Mercury’s overall 
low albedo imply the presence of an opaque 
phase (28, 29), and iron, titanium, and carbon 
are the most cosmochemically abundant ele- 
ments that contribute to strong absorptions at 
UV-through-NIR wavelengths. Carbon is un- 
likely to be responsible because it is effectively 
sequestered to the core during early planetary 
differentiation (30) and lost through volatiliza- 
tion in volcanic eruptions. Ti alone is not highly 
absorbing at visible-NIR wavelengths unless it 
is paired with another transition metal, such as 
Fe; Fe alone is typically red-sloped or exhibits 
a 1-um band if contained in silicates. In oxide 
minerals, Fe and Ti together have a strong, broad, 
charge-transfer absorption that results in low 
reflectance and a neutral spectrum, in some cases 
with a shallow upturn at short wavelengths. 
Thus, opaque Fe- and Ti-bearing minerals such 


400 500 600 700 800 900 1000 
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as ilmenite (FeTiO3), or possibly any oxide with 
considerable abundances of Fe and Ti (3/), 
match the spectral characteristics of the LRM. 
To estimate potential abundances of Fe- and 
Ti-bearing oxides, we used a radiative transfer 
model based on the equations of Hapke (32). 
Spectra were converted to single-scattering albe- 
do (the probability of a photon being scattered 
by a particle), and HRP spectra were mixed lin- 
early with ilmenite spectra (used as a proxy for 
any Fe- and Ti-bearing oxide) so as to match the 
characteristics of the IP and LRM. Up to 15% 
ilmenite is required to match MDIS spectra of 
the IT, and up to 40% ilmenite is needed for 
spectra of the most extreme LRM center (a por- 
tion of the Tolstoj basin annulus). These abun- 
dances are maximum values because of the 
assumption that all of the decrease in reflectance 
is due to ilmenite. 

The maximum ilmenite abundance required 
to match intermediate terrain is consistent with 
MESSENGER’s Neutron Spectrometer measure- 
ments, which observed predominantly interme- 
diate terrain and are interpreted as indicating 
abundances of neutron-absorbing elements (Fe, 
Ti, gadolinium, samarium) within the range of 
lunar soil samples from Luna 16 to Luna 24 
(33). These soils contain moderate to high abun- 
dances of Fe and Ti, which if contained predom- 
inantly in oxide minerals would explain their 
high abundance without a corresponding 1-4um 
band. Early crystallization of Fe- and Ti-bearing 
oxides such as ilmenite under reducing conditions 
(near the iron-wiistite buffer) from a Ti-rich and 
relatively FeO-poor melt limits FeO incorpora- 
tion into later-crystallizing pyroxene (34). In such 
an environment, Mg-calctum—bearing pyroxenes 
would be expected to form after substantial 
amounts of ilmenite crystallize. High abundances 
of Fe and/or Ti are contrary to the inferences from 
Earth-based microwave measurements (25). How- 


such as those of Mozart crater, which may be due to the excavation of LRM or 
LBP (see also Fig. 2, B and C). In the background are continuous LRM ejecta 
(dark blue) and lava fill of the basin as observed at Tolstoj basin, illustrating the 
proposed origin of LRM centers as excavated components of the lower crust or 
upper mantle relatively enriched in the proposed low-reflectance mineral. This 
diagram is simplified, and more vertical mixing is expected through intrusions of 
rising magma, such as dikes and sills (6), and impacts of various sizes throughout 
the crustal formation process. The illustration is not to scale. 


ever, the interpretation of the microwave data 
also predicts that Mercury’s albedo is higher 
than that of the lunar highlands (25), which is 
not observed (26). Earth-based photometric ob- 
servations indicate that Mercury’s regolith is 
more backscattering than the average lunar ter- 
rain; its scattering properties (typically related 
to opaque content) are more similar in charac- 
ter to lunar maria than to lunar highlands (26). 
Radar observations indicate that LRM centers, 
such as the Tolstoj annulus, show low radar re- 
turns similar to the lunar maria and in contrast to 
HRP, which is consistent with a higher Fe and 
Ti content in LRM (9). 

Such high abundances of ilmenite (or any 
Fe- and Ti-bearing oxide) for the LRM are im- 
probable for extrusive volcanic rocks and are 
more plausible if the LRM material originates 
from cumulate deposits. Such cumulates can 
form as late-stage products of a large-scale mag- 
ma ocean or from crystal-liquid fractionation 
within subsurface magma chambers. These modes 
of occurrence are consistent with the stratigra- 
phy of LRM deposits that are exposed on the 
surface by impact excavation. The smooth plains 
materials, containing a smaller fraction of dense 
Fe- and Ti-bearing oxides, would be more likely 
to reach the surface in volcanic eruptions (5, 22). 

The global view of Mercury indicates that 
widespread resurfacing probably obscured early 
events in the planet’s geological history. Evi- 
dence for large-scale volcanic deposits several 
kilometers thick (6, 7, 19) suggests that a sub- 
stantial volume of the crust was created through 
repeated volcanic eruptions. Basins such as 
Caloris, filled nearly to their rims both inside 
and out, hint at the probable existence of older 
basins that are not yet recognized because of 
volcanic burial and impact degradation. Little 
evidence is found for an ancient feldspar-rich 
flotation crust such as that of the lunar high- 
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Fig. 4. Two simple cylindrical views of Mercury over +75° latitude, 0° to 
360°E longitude. (A) Enhanced color MDIS WAC mosaics. Areas in white 
are regions not yet imaged by MESSENGER. (B) Geologic map of Mercury 
from MESSENGER WAC and NAC mosaics and Mariner 10 clear-filter 
mosaics. Light yellow, HRP and IP; dark yellow, LBP; light blue, regional 


lands, which is thought to be the result of the 
crystal-liquid fractionation of a global magma 
ocean. If such an early crust existed, it may now 
be buried by younger volcanic material, but 
there is no definitive indication that feldspar-rich 
material has been excavated from depth. Re- 
moval of Mercury’s earliest crust by a giant 
impact or vaporization in a hot solar nebula has 
been proposed to account for Mercury’s high 
bulk density (35, 36). If such an event occurred, 
crustal formation continued thereafter, most like- 
ly obscuring any record of early crustal strip- 
ping. The main inference from the combined 
MESSENGER data are that much of Mercury’s 
crust formed as a result of the eruptions of mag- 
mas of varying composition over an extended 
duration of geologic time. 


www.sciencemag.org SCIENCE VOL 324 


Se enay 


REPORTS 


LRM; dark blue, LRM center; black, other (fresh crater ejecta or IT); and 
white, no data. Crosshatches indicate areas not mapped because of high 
Sun illumination. Areas near the terminator in (A) appear unnaturally 
red; until the final WAC calibration is available, color distinctions are 
subject to revision. 


References and Notes 14. R. G. Strom, C. R. Chapman, W. J. Merline, S. C. Solomon, 
. MESSENGER images were acquired with the MDIS, J. W. Head III, Science 321, 79 (2008). 
which includes the 11 filters (430 to 1020 nm) of the 15. N. J. Trask, J. E. Guest, J. Geophys. Res. 80, 2461 (1975). 
WAC and the monochrome (750 nm) NAC described 16. M. C. Malin, Geophys. Res. Lett. 3, 581 (1976). 
in (37). 17. B. W. Denevi, M. S. Robinson, /carus 197, 239 (2008). 
. R. G. Strom, N. J. Trask, J. E. Guest, J. Geophys. Res. 80, 18. P. D. Spudis, J. E. Guest, in Mercury, F. Vilas, 
4062 (1975). C. R. Chapman, M. S. Mathews, Eds. (Univ. of Arizona 
3. S. C. Solomon et al., Science 321, 59 (2008). Press, Tucson, 1988), pp. 118-164. 
. R. Watters et al., Earth Planet. Sci. Lett., 10.1016/ 19. C. M. Ernst, S. L. Murchie, O. S. Barnouin-Jha, 
j-epsl.2009.01.015 (2009). M. S. Robinson, B. W. Denevi, Lunar Planet. Sci. 40, 
. S$. C. Solomon, Geophys. Res. Lett. 5, 461 (1978). abstr. 1900 (2009). 
. W. Head et al., Science 321, 69 (2008). 20. D. E. Wilhelms, /carus 28, 551 (1976). 
S. L. Murchie et al., Science 321, 73 (2008). 21. C. |. Fassett et al., Lunar Planet. Sci. 40, abstr. 1889 (2009). 
M. S. Robinson, P. G. Lucey, Science 275, 197 (1997). 22. J. W. Delano, Proc. Lunar Planet. Sci. Conf. 20, 3 (1990). 
. K. Harmon et al., Icarus 187, 374 (2007). 23. F. Vilas, in Mercury, F. Vilas, C. R. Chapman, M. S. 
. R. B. Baldwin, The Measure of the Moon (Univ. of Chicago Matthews, Eds. (Univ. of Arizona Press, Tucson, 1988), 
Press, Chicago, 1963). pp. 59-76. 
. D.E. Gault, J. E. Guest, J. B. Murray, D. Dzurisin, M. C. Malin, 24. D. T. Blewett, B. R. Hawke, P. G. Lucey, Meteorit. Planet. 
J. Geophys. Res. 80, 2444 (1975). Sci. 37, 1245 (2002). 
. W. E. McClintock et al., Science 321, 62 (2008). 25. D. L. Mitchell, |. de Pater, /carus 110, 2 (1994). 
. M.S. Robinson et al., Science 321, 66 (2008). 26. J. Warell, /carus 167, 271 (2004). 
1 MAY 2009 617 


REPORTS 


618 


27. W. E. McClintock et al., Science 324, 610 (2009). 

28. B. Rava, B. Hapke, /carus 71, 397 (1987). 

29. D. T. Blewett et al., Earth Planet. Sci. Lett., 10.1016/ 
j.epsl.2009.02.021 (2009). 

30. V. J. Hillgren, C. K. Gessman, J. Li, in Origin of the Earth 
and Moon, R. M. Canup, K. Righter, Eds. (Univ. Arizona 
Press, Tucson, 2000), pp. 245-263. 

31. M.A. Riner, P. G. Lucey, S. J. Desch, F. M. McCubbin, 
Geophys. Res. Lett. 36, L02201 (2009). 

32. B. Hapke, Theory of Reflectance and Emittance 
Spectroscopy: Topics in Remote Sensing 3 (Cambridge 
Univ. Press, New York, 1993). 


33. D. J. Lawrence, W. C. Feldman, J. O. Goldsten, Lunar 
Planet. Sci. 40, abstr. 1761 (2009). 

34. T. M. Usselman, G. E. Lofgren, C. H. Donaldson, 
R. J. Williams, Proc. Lunar Sci. Conf. 6, 997 (1975). 

35. A. G. W. Cameron, /carus 64, 285 (1985). 

36. W. Benz, W. L. Slattery, A. G. W. Cameron, /carus 74, 516 
(1988). 

37. S. E. Hawkins Ill et al., Space Sci. Rev. 131, 247 (2007). 

38. M. J. Cintala, R. A. F. Grieve, Meteorit. Planet. Sci. 33, 
889 (1998). 

39. We gratefully acknowledge the MESSENGER engineers 
and technical support team. N. Laslo, H. Kang, 


R. Vaughan, A. Harch, R. Shelton, and A. Berman 
designed the imaging sequences used here. S. Turner, 
K. Becker, and C. Hash contributed to data 
calibration and processing. The MESSENGER project is 
supported by the NASA Discovery Program under 
contracts NAS5-97271 to the Johns Hopkins 
University Applied Physics Laboratory and 
NASW-00002 to the Carnegie Institution of 
Washington. 


12 February 2009; accepted 8 April 2009 
10.1126/science.1172226 


Evolution of the Rembrandt Impact 


Basin on Mercury 


Thomas R. Watters,’* James W. Head,” Sean C. Solomon,? Mark S. Robinson,* 
Clark R. Chapman,” Brett W. Denevi,’ Caleb |. Fassett,” Scott L. Murchie,° Robert G. Strom? 


MESSENGER’s second Mercury flyby revealed a ~715-kilometer-diameter impact basin, the 
second-largest well-preserved basin-scale impact structure known on the planet. The Rembrandt 
basin is comparable in age to the Caloris basin, is partially flooded by volcanic plains, and displays 
a unique wheel-and-spoke-like pattern of basin-radial and basin-concentric wrinkle ridges and 
graben. Stratigraphic relations indicate a multistaged infilling and deformational history involving 
successive or overlapping phases of contractional and extensional deformation. The youngest 
deformation of the basin involved the formation of a ~1000-kilometer-long lobate scarp, a product 


of the global cooling and contraction of Mercury. 


hundred kilometers in diameter, are among 

the most important landforms created early in 
planetary history (/). Because of their typically 
ancient ages, most basins have been modified 
and filled with volcanic plains, which obscure their 
initial state and early evolution. A few basins, such 
as Orientale on the Moon, remain largely unfilled 
and provide substantial insight into basin forma- 
tion and early modification (2, 3). During its 
second flyby of Mercury in October 2008, the 
MESSENGER spacecraft imaged ~30% of the 
planet not previously seen by spacecraft. These 
images revealed a relatively unmodified basin 
centered near 33°S, 88°E (Fig. 1A). The interior 
of the basin, recently named Rembrandt, differs 
considerably from that of the well-preserved and 
larger Caloris basin, imaged by Mariner 10 (4, 5) 
and during MESSENGER’s first Mercury en- 
counter (6—//). The Caloris basin contains sub- 
stantial infill by plains of volcanic origin that cover 
its entire floor. On the basis of MESSENGER ob- 
servations, we here assess the characteristics of the 
Rembrandt basin and their geological implications. 


| basins, generally in excess of several 
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The Rembrandt basin (Fig. 1A) has a topo- 
graphically distinct main rim crest made up of 
rugged, high-relief, inward-facing scarps and 
massifs. At ~715 km, its mean rim crest diam- 
eter is larger than the intermediate-scale, partly 
filled impact basins Beethoven (~625 km) and 
Tolstoj (~510 km) (5) and about half the size 
of the largest known basin, Caloris (+1500 km) 
(7, 8). Numerous large impact craters are super- 
posed on the rim of the basin (Fig. 1A). The 
number of craters >20 km in diameter per mil- 
lion square kilometers is not distinguishable 
from that for the rim of the Caloris basin [see 
supporting online material (SOM), figs. S1 to 
S3]. The crater size-frequency distribution (SFD) 
for the Rembrandt basin rim (Fig. 1B) is also 
similar to that for the Caloris basin rim (//). These 
results suggest that Rembrandt, like Caloris, is 
one of the youngest basins on Mercury, younger 
than Tolstoj and Beethoven, yet sufficiently old 
to show the pattern of fewer small-diameter 
craters relative to large-diameter craters that is 
characteristic of terrains formed before the end 
of the late heavy bombardment of the inner so- 
lar system (~3.9 billion years ago) (/2). 

Exterior to the basin rim crest are blocky and 
radially lineated ejecta deposits, well preserved 
to the north and northeast of the basin rim, re- 
spectively (Fig. 1, A and C). These deposits are 
comparable to the annuli of radially textured 
ejecta outside the rims of the Caloris basin (5, //) 
and the lunar Orientale basin (2, 3). Basin inte- 
rior units include a hummocky unit and a smooth 
plains unit. The hummocky unit extends inward 
from the basin rim by up to ~130 km (Fig. 1D) 
and is distinguished by knobs that rise up to hun- 


dreds of meters (from shadow measurements) 
above patches of rolling hills near the basin 
margin (Fig. 1C). This unit forms a discontin- 
uous ring in the basin interior, confined to the 
northern margin. Two large, angular blocks or 
massifs on the southern edge of the hummocky 
unit have a maximum relief of >1.5 km (Fig. 
1D). The inner edge of the hummocky unit and 
the massifs may mark the remnants of a ringlike 
structure with a diameter of ~450 km (Figs. 1 and 
2). The hummocky and domical morphology of 
the unit and its position just inside the basin rim 
are similar to those of the Montes Rook For- 
mation in Orientale, interpreted to have been 
formed by collapse and inward translation of the 
transient cavity rim and modification of radially 
textured rim deposits into domical blocks (2, 3). 
This interpretation is supported by remnant ra- 
dial crater-chain—like structures (Fig. 1D), sim- 
ilar to occurrences in Orientale, and suggests that 
the inner edge and massifs of this unit delineate 
the remnant of the transient cavity rim (2). 

Smooth plains constitute the most areally 
extensive unit in the Rembrandt basin; occupy 
much of the basin interior; and extend to the 
southern, eastern, and parts of the western rim 
(Fig. 2A). In the lunar Orientale basin, non-mare 
smooth and rough plains inside the transient 
cavity are interpreted to be impact melt (/—3). 
On the basis of laboratory experiments and the- 
oretical scaling arguments, the volume of impact 
melt formed in basins is predicted to increase 
with basin size and perhaps even to fill entirely 
the basin interior at the largest diameters (/3). If 
the regional plains are impact melt, they would 
have been emplaced in the immediate aftermath 
of basin formation and collapse, before forma- 
tion of any subsequent major impact craters, as 
has been documented for the lunar Orientale 
basin (/4). Furthermore, they should have spec- 
tral characteristics appropriate for a physical 
mixture of the target materials. 

Broadly distributed spectral units on Mercu- 
ry identified from global principal component 
analysis and spectral ratios of MESSENGER’s 
11-color wide-angle camera (WAC) images in- 
clude low-reflectance material (LRM), spectrally 
intermediate terrain, and three types of smooth 
plains: (i) high-reflectance red plains (HRP), (ii) 
intermediate plains, and (iii) low-reflectance blue 
plains (LBP) (/0, 15). Comparison of color data 
between the Rembrandt basin and other regions 
of the planet is complicated by the area’s near- 
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terminator lighting and oblique viewing geometry 
during the flyby. Relative color and reflectance 
differences across the basin region show that 
ejecta and interior hummocky units of Rembrandt 
are lower in reflectance than the interior smooth 


Fig. 1. The Rembrandt basin. (A) NAC 
mosaic (24) combining images obtained 
during MESSENGER’s first and second 
flybys, including frames EN0108828198M, 
EN0108828203M, EN0108828250M, 
EN0108828255M, EN0108828302M, 
EN0108828307M, EN0131766380M, 
EN0131766396M, EN0131766401M, 
EN0131766417M, and EN0131766422M. 
White boxes outline areas shown in (C) and 
(D). (B) Impact crater SFD for the Rembrandt 
basin rim compared with that for the Caloris 
rim. This plot is an R plot (see SOM), a ver- 
sion of the differential crater SFD (12). Er- 
rors shown are inversely proportional to 
the square root of the number of craters in 
each crater-diameter interval. (C) Blocky ter- 
rain on the basin rim interpreted to be ejecta 
deposits. Image taken from NAC frame 
EN0131766417M. (D) Hummocky terrain in 
the basin interior made up of isolated knobs, 
interpreted to be ejecta deposits modified 
by basin collapse. Image taken from NAC 
frame EN0131766417M. 


plains (Fig. 3) and broadly similar spectrally to 
LRM and LBP. The high relative reflectance of 
the interior plains is analogous to that of HRP, 
interpreted to be of volcanic origin (70, 75). More- 
over, the exterior ejecta of several major craters 
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in the interior smooth plains have been embayed 
by plains units (Fig. 2B), and there is evidence 
of breached rims and interior crater infilling by 
smooth plains (Fig. 2A), suggesting a prolonged 
period of plains formation. The distinct spectral 
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Fig. 2. Smooth plains in the Rembrandt basin. (A) The central portion of Rembrandt has been 
infilled by volcanic smooth plains. A narrow band of smooth plains (white arrows) embays hum- 
mocky material near the northern rim. White boxes outline the areas shown in (B) and (C). The 
mosaic consists of NAC frames EN0131766396M, ENO131766401M, and ENO131766417M. (B) 
The walls and floor of this ~60-km-diameter impact crater, which predates the emplacement of 


some of the volcanic plains, are cross-cut and offset by a lobate scarp. Image taken from NAC frame EN0131766396M. (C) This ~44-km-diameter impact crater 
postdates the emplacement of the smooth plains. Image taken from NAC frame EN0131766401M. 
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characteristics of the interior plains, the embay- 
ment relations between interior plains material 
and the interior hummocky deposits, and the 
embayed and partially flooded impact craters, 
all similar to relations seen in the Caloris basin 
interior (7-9), support a volcanic origin for the 
smooth plains material in the Rembrandt basin. 


Fig. 3. Color composite of the spectral parame- 
ters used to separate units on the basis of prin- 
cipal component analysis of WAC 11-color images 
(10, 15). The first principal component (PC1) em- 
phasizes variations in reflectance, and the second 
principal component (PC2) emphasizes spectral 
variations related to the physical state or chemistry 
of the material. The dominant variation represented 
by PC2 is the slope of the spectral continuum. A 
color composite in which PC2, PC1, and the 430-nm/ 
1000-nm reflectance ratio are shown in the red, 
green, and blue image planes, respectively, is over- 
laid on the NAC mosaic. White boxes show the 
locations of exterior ejecta (Fig. 1C, upper box) and 
interior ejecta and collapse deposits (Fig. 1D, lower 
box). White arrows indicate the locations of impact 
craters shown in Fig. 2B (left arrow) and Fig. 2C 
(right arrow). The spectral character of the interior 
plains (relatively high reflectance) differs from that 
of the ejecta and hummocky deposits (relatively low 
reflectance). The extreme incidence (>78°) and phase 
(>130°) angles for WAC images of the Rembrandt 
area (where the incidence angle is the angle between 
the direction to the Sun and the surface normal, and 
the phase angle is the angle between the solar in- 
cidence direction and the camera boresight direc- 
tion at the planet's surface) complicate comparisons 
with color units elsewhere on the planet. Image 
taken from MDIS WAC approach color sequence 
(EW0131764500C to EW0131764550A). 


The thickness of volcanic fill in the Rem- 
brandt basin varies greatly. Along the northern 
interior, the hummocky deposit is embayed but 
not completely buried (Fig. 1C), suggesting a 
relatively thin sequence of volcanic plains in this 
area. Near the basin center, a ~44-km-diameter 
crater superposed on the smooth plains (Fig. 2, A 
and C, and Fig. 3) exhibits predominantly plains- 
like spectral material in its rim and ejecta, indi- 
cating that the underlying crust and basin material 
were not excavated and exposed (Figs. 2C and 3). 
Given a depth of excavation for complex craters of 
~5% of the crater diameter, a lower bound on the 
thickness of the volcanic plains is ~2 km near 
the center of the basin, a thickness similar to 
that interpreted in the center of Caloris (8) and 
some lunar basins (/6). The Rembrandt basin thus 
represents a stage of filling by presumably vol- 
canic plains that is intermediate between those of 
the largely unfilled lunar Orientale basin, where 
mare basalts are patchy and considerably less 
than 1 km thick (2), and the Caloris and lunar 
Imbrium basins, where basin-interior ring struc- 
tures and impact melt deposits are almost com- 
pletely buried by volcanic infill (7, 3, 7-0). 

The tectonic features in the Rembrandt basin 
show evidence for both basin-localized and global- 
scale deformation. Extensional troughs and wrin- 
kle ridges are confined to the spectrally distinct, 
volcanic plains. Wrinkle ridges with orientations 
that are both basin-radial and basin-concentric are 
common (Figs. 2A and 4A) and are interpreted to 
be contractional features resulting from a combi- 
nation of folding and thrust faulting (/7—/9). 
Basin-concentric wrinkle ridges form an almost 
complete ~375-km-diameter ring in the interior. 
This second ringlike structure is ~SO to 60 km 
inside the hummocky unit and massifs (Fig. 2A). 
Basin-radial wrinkle ridges occur both interior 
and exterior to this ring, although most of them 
are inside (Fig. 4, B and C). Their widths vary 
greatly (<1 to 10 km), and the longest ridges (one 
over 180 km) (Fig. 4C) form the interior ring. 
Basin-concentric and basin-radial wrinkle ridges 
are also found in Caloris (7, 8) and in lunar maria 
(e.g., Imbrium, Serenitatis, Cristum) (/6—/8). In 
lunar maria, however, basin-concentric wrinkle 
ridges generally occur in the basin interior and 
basin-radial wrinkle ridges near the margins 
(16, 20). In contrast, in the Rembrandt basin, 
many basin-radial wrinkle ridges occur interior 
to the concentric wrinkle ridges. The distinctive 
ring of ridges in the basin may reflect deforma- 
tion localized by a buried interior basin ring, as 
is interpreted to be the case on the Moon (/7). 

The interior plains are cut by a series of lin- 
ear and curvilinear troughs that also form a 
basin-radial and basin-concentric pattern (Figs. 
2A and 4A). Of these, the basin-radial troughs 
are the most abundant and are located largely 
interior to the ring of wrinkle ridges (Fig. 2A 
and Fig. 4, B and C). Some of the radial troughs 
are adjacent and parallel to basin-radial ridges 
(Fig. 4, B and C). Unlike the radial troughs of 
Pantheon Fossae in Caloris that extend outward 


from a zone near the center of the basin (7, 8), 
the radial graben of the Rembrandt basin are 
confined to a zone that extends inward less than 
~100 km from the interior ridge ring. Some 
radial and concentric troughs in the basin form a 
polygonal pattern near the outer margin of the 
interior ridge ring (Fig. 4B), similar to the polyg- 
onal pattern formed by troughs near the margin 
of the Caloris basin (7, 8). From the similarity of 
individual landforms as well as this similarity 
in distribution, we interpret the troughs in the 
Rembrandt basin to be graben, extensional fea- 
tures consisting of opposite-facing normal faults. 
Trough widths vary (<1 to ~3 km) but by a smaller 
range than in Caloris. The spatial distribution 
of these graben differs substantially from that 
in lunar basins, where graben tend to occur near 
the outer margins of the mare deposits or in ad- 
jacent highlands (3, /6, 20). The basin-radial 
graben and wrinkle ridges form a unique wheel- 
spoke pattern of tectonic landforms. 

Episodes of contractional and extensional 
deformation in the basin are suggested by cross- 
cutting relations among the tectonic features. 
Radial and concentric graben cross-cut both 
basin-concentric and basin-radial wrinkle ridges 
(Fig. 4, B to D), indicating that much of the 
contractional deformation of the smooth plains 
preceded extensional deformation. This sequence 
of tectonic events is similar to that observed in 
Caloris (7, 8). However, evidence that some con- 
centric and radial wrinkle ridges cross-cut graben 
and older ridges indicates that the contraction 
and extension were not separated temporally into 
distinct deformational episodes (Fig. 4, B and 
D). Later contraction, for instance, may have 
been in response to a later stage of infilling by 
volcanic material in the center of the basin, as 
suggested by embayment relations between the 
more heavily deformed smooth plains inward of 
the ring of wrinkle ridges and the less deformed 
smooth plains (those lacking radial graben) near 
the basin center (Fig. 4B). 

In parallel with scenarios invoked for the 
Caloris basin (6-10), effusive volcanism at some 
time after basin formation is inferred to have re- 
sulted in a thick sequence of volcanic material 
in the basin center. Loading by volcanic infill 
induced subsidence and near-surface compres- 
sional stresses that formed wrinkle ridges radial 
and concentric to the basin center in the interior 
smooth plains. Models of stresses in lunar mas- 
con basins, however, predict a basin-radial pat- 
tern of wrinkle ridges far from the basin center 
(21). The formation of radial and concentric 
graben in the interior of the Rembrandt basin 
points to uplift of the basin floor and extension 
that postdated or perhaps overlapped interior 
loading. After uplift and extension of the basin 
floor, a later episode of volcanic infilling sug- 
gested by embayment relations in the basin center 
(Fig. 4B) could have resulted in renewed sub- 
sidence and contraction of the interior plains. 
One possible mechanism for basin floor uplift is 
inward flow of the lower crust driven by hori- 
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Fig. 4. (A) Map of tectonic features 
in the basin, including wrinkle ridges 
(blue), troughs or graben (black), 
and lobate scarps (red) digitized 
from and overlaid on a NAC mosaic. 
(B) In this complex pattern of 
wrinkle ridges and extensional 
troughs, some concentric wrinkle 
ridges are superposed on radial 
wrinkle ridges and graben (black 
arrows). Smooth plains material near 
the basin center appears to embay 
and partially bury plains cut by 
graben (white arrows). NAC mosaic 
includes frames EN0O131766396M 
and EN0131766401M. (C) A basin- 
concentric wrinkle ridge, part of the 
interior ring of ridges, appears to 
be cross-cut by basin-radial gra- 
ben (white arrows). NAC mosaic 
includes frames ENO131766401M 
and EN0131766417M. (D) A 
basin-radial wrinkle ridge appears 
to cross-cut a basin-radial graben 


(white arrows). NAC mosaic includes frames EN0131766401M 


and EN0108828250M. 


zontal pressure gradients induced by differences 
in elevation and crustal thickness (20). Alterna- 
tively, loading by volcanic plains emplaced ex- 
terior to the basin could have led to flexural 
uplift of the basin interior (22, 23). 

Global tectonic evolution also influenced the 
region. The most recent event in the deformation 
of the basin appears to have been the formation 
of a cross-cutting lobate scarp, the longest yet 
documented on Mercury (Figs. 1A, 2B, and 4A). 
This lobate scarp, representative of a common 
tectonic landform interpreted as the surface ex- 
pression of a major thrust fault (4), cuts the rim 
of the basin and extends nearly 400 km across 
the basin floor, offsetting the smooth plains ma- 
terial and the rims and floors of two ~60-km- 
diameter impact craters. The orientation of this 
northeast-southwest segment of the lobate scarp 
is approximately tangential to the interior ring of 
wrinkle ridges, suggesting that the buried interior 
ring surmised to underlie the ridge ring may also 
have influenced the thrust fault. The scarp ex- 
tends for almost 600 km beyond the rim of the 
basin, cutting intercrater plains and transecting 
two other large impact craters. A second, shorter 
lobate scarp lies west of the northernmost seg- 
ment of the large scarp and deforms interior 
smooth plains and hummocky material (Fig. 
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4A). Stresses produced by the global contraction 
that accompanied cooling of the planetary in- 
terior led to the formation of the lobate scarps 
that cut the rim and interior units of the basin 
and contributed to a stress regime less favorable 
to extrusive volcanism (6). 
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High-Frequency Holocene Glacier 
Fluctuations in New Zealand Differ 
from the Northern Signature 
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Understanding the timings of interhemispheric climate changes during the Holocene, along 

with their causes, remains a major problem of climate science. Here, we present a high-resolution 
Be chronology of glacier fluctuations in New Zealand’s Southern Alps over the past 7000 years, 
including at least five events during the last millennium. The extents of glacier advances decreased 
from the middle to the late Holocene, in contrast with the Northern Hemisphere pattern. Several 
glacier advances occurred in New Zealand during classic northern warm periods. These findings 
point to the importance of regional driving and/or amplifying mechanisms. We suggest that 
atmospheric circulation changes in the southwest Pacific were one important factor in forcing high- 
frequency Holocene glacier fluctuations in New Zealand. 


atural climate variability during the in- 
Nees conditions of the Holocene 

(the past 11,500 years) is a fundamen- 
tal baseline for evaluating the anthropogenic 
impact on global climate. Recent studies using 
marine and terrestrial samples from the North 
Atlantic region and the tropics (/, 2) challenge 
the traditional view of a stable Holocene cli- 
mate. Northern Hemisphere paleoclimate records 
suggest that temperatures cooled through the 
Holocene [e.g., (3)] and that this long-term trend 
was overprinted by millennial-scale variations 
(4), culminating in the Medieval Warm Period 
(MWPYLittle Ice Age (LIA) oscillation (5, 6). 
Terrestrial paleoclimate data are sparse in the 
Southern Hemisphere, and it remains unclear 
whether the northern trend of progressive cool- 
ing was followed in the south [e.g., (7) versus 
(6)| and whether northern millennial-scale cli- 
mate changes, including the MWP/LIA oscil- 
lation, were globally extensive. We explored this 
problem via the question: Were Holocene gla- 
cier advances in New Zealand generally coeval 
with those in the Northern Hemisphere? We 
present a high-resolution surface-exposure chro- 
nology of Holocene climate fluctuations derived 
from moraines deposited at the culmination of 
glacier advances in New Zealand’s Southern Alps 
and evaluate the pattem of southern versus north- 


Geochemistry, Lamont-Doherty Earth Observatory (LDEO), 
Palisades, NY 10964, USA. “Department of Earth Sciences 
and Climate Change Institute, University of Maine, Orono, ME 
04469, USA. 3Department of Earth and Planetary Sciences, 
University of California, Berkeley, Berkeley, CA 95064, USA. 
4CEREGE (Centre Européen de Recherche et d’Enseignement 
des Géosciences de l'Environnement), 13545 Aix-en-Provence, 
Cedex 4, France. °GNS Science, Dunedin 9054, New Zealand. 
“Department of Geology, University of Oslo, 0316 Oslo, Norway. 
Victoria University of Wellington, Wellington 6140, New Zealand. 
®alpine and Polar Processes Consultancy, Lake Hawea, Otago 
9382, New Zealand. “Institut flir Geologie, Universitat Bern, 
CH-3012 Bern, Switzerland. 


*To whom correspondence should be addressed. E-mail: 
schaefer @ldeo.columbia.edu 


ern glacier behavior as a means of insight into 
Holocene climate forcing. 

Glaciers are highly sensitive to variations in 
temperature and precipitation (8) [supporting 
online material (SOM text)], but difficulties in 
obtaining reliable ages have been an impedi- 
ment to placing glacier records in a global con- 
text. We focused on the large Mueller, Hooker, 
and Tasman valley glaciers (Fig. 1 and table S1) 
that drain east and south from the Main Di- 
vide of the Southern Alps. Their terminal zones 
are fringed by well-preserved Holocene mo- 
raine complexes (Figs. 1 and 2). Large grey- 
wacke boulders protruding from the moraines 
were the targets of our surface-exposure dat- 
ing program (9). 

Previous chronological studies of these mo- 
raines {including tree rings, radiocarbon brack- 
eting ages [e.g., (J0-12)], lichenometry [e.g., 
(13, 14)], rock-weathering rinds (/5, /6), and 
Schmidt hammer investigations [e.g., (6, 77)]} 
suggested that the most recent cool interval in 
New Zealand was equivalent to the termination 
of the northern LIA (mid-19th century). How- 
ever, recent tree ring studies argued for a glacier 
maximum in the south that is somewhat older 
than the northern LIA termination (/8, 19). 

Our geomorphologic maps (Fig. 1) docu- 
ment the detail and complexity of the preserved 
Holocene moraine sequences. We sampled a 
total of 74 boulders, with one duplicate (Figs. 
1 and 2 and table $2), for '°Be surface-exposure 
dating. We focused on the Mueller Glacier Hol- 
ocene moraines comprising the most complete 
succession of preserved ridges, with comple- 
mentary samples from the moraine sequences 
of Hooker and Tasman glaciers. We interpret 
the moraine exposure ages as dating the comple- 
tion of moraine formation and thus the termina- 
tion of a glacier event (SOM text). Individual 
boulder exposure ages within 20 analytical un- 
certainties are plotted in fig. S1. Moraine ages 
are defined by arithmetic means of all boulder 


ages from the respective moraine within ana- 
lytical standard deviation. The ages are calcu- 
lated by using the recent production rates given 
in (20); given errors include a 5% production 
rate estimate. The variances between different 
published production rates do not affect any of 
the conclusions drawn below (table S3) (9). 

The '°Be chronology (Figs. | and 2, fig. S1, 
and table S3) includes some of the youngest 
exposure ages reported so far. The '°Be mea- 
surements show low uncertainties, and the '°Be 
boulder ages from individual moraines are re- 
markably consistent (9). All ages are com- 
patible with position in the moraine sequence 
except for two boulders from the outermost 
margin of the right lateral Hooker moraines 
[-930 and —931 (Fig. 1)], which are incompat- 
ibly young. Lying at the downslope margin of 
an alluvial fan, it is plausible that they fell 
from the nearby mountainside onto the mo- 
raine subsequent to its formation. Ages of Kiwi- 
904 and -X60 plot outside the 95% confidence 
level (fig. S1). Otherwise, the data set is free 
of outliers. Hence, we include 70 out of 74 boul- 
ders (and 71 of the 75 '°Be measurements) in the 
discussion (9). 

The innermost moraine of the Mueller se- 
quence (Figs. 1 and 2) represents a historically 
documented glacier position from the mid- to 
late 1800s (9, 12). Three boulders from this 
ridge yielded '°Be ages of 132 + 17 years, 164 + 
22 years, and 185 + 22 years (mean: 160 + 30 
years). The general correspondence between 
the '°Be dating and the historic age of the mo- 
raine provides confidence in the '°Be method 
and implies a maximum preexposure signal, the 
concentration of '°Be atoms produced in the 
sampled boulder surface before boulder depo- 
sition on the moraine, of less than 100 years 
[difference between older bound of the oldest 
age, 210 years, and the historic age (SOM text)]. 
An outboard set of at least three moraines, the 
innermost of which is thought to be historic 
(10-12), yielded ages of 220 + 10 years (n = 2), 
270 + 50 years (n = 10), and 400 + 70 years (n = 
9). A little outside lies a complex of ridges dom- 
inating the last-millennium moraine sequence 
of Mueller Glacier, 570 + 70 years (nm = 12) in 
age. The outermost left lateral Holocene ridge 
gave an age of 2000 + 150 years (n = 2), consist- 
ent with the 2100 + 100 year age of Kiwi-X66 
from the right lateral sequence. Seven boulders 
from at least two distinct moraines slightly in- 
board yielded ages ranging from 1720 years to 
1990 years, with a mean of 1840 + 130 years. 
The outermost well-preserved right lateral mo- 
raine yielded a mean age of 3230 + 220 years 
(n = 4), and, lastly, an isolated mound of mo- 
raine (Foliage Hill; Fig. 1) represents the outer- 
most preserved remnant dated to 6370 + 760 
years (n = 1). 

At Hooker Glacier (Fig. 1), two prominent 
left lateral ridges yielded ages of 1020 + 70 
years (n = 5) for the inner and 1370 + 180 years 
(n = 6) for the outer ridge. One boulder from an 
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isolated ridge inside gave an age of 810 + 70 
years (927). 

At Tasman Glacier, an inner moraine ridge 
yielded an age of 1040 + 100 years (n = 1), co- 
inciding with the 1020-year moraine of Hooker 
Glacier, whereas an outer ridge gave 1650 + 110 
years (n = 3). An isolated remnant of moraine 
projecting a few meters from the outwash plain 
(Little Hump) has an age of 6550 + 370 years 


Mueller 
Glacier 


(n = 5). Its overlap with the oldest Mueller 
Glacier moraine (6370 years) suggests that both 
represent coeval glacier positions, distal to the 
late Holocene moraines. 

This precise, high-frequency '°Be chronol- 
ogy of Holocene fluctuations of the Mueller, 
Hooker, and Tasman glaciers compares well 
with a radiocarbon ('4C) chronology from wood 
within soils buried by tills in the lateral mo- 
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raines (//). The ae ages date glacier expan- 
sion events after periods of reduced ice and 
distal soil formation (table S4). Together, the 
'Be and |C data define a minimum number 
of 15 pulses of glacier advance and retreat since 
the mid-Holocene, with the timing of the ad- 
vance ('4C) and/or termination ('°Be) of events 
at about 6500 years ago (termination, '“Be), 
3650 to 3200 years [advance commencing 3650 
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Fig. 1. Glacial geomorphology map, compiled at 1:5000 scale, of the Holocene moraine sequences of Mueller, Hooker, and Tasman glaciers, showing 
locations of sample sites. The map differentiates between discrete moraine ridges and areas of more diffuse moraine morphology. 
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years ago ('“C), progressive ice buildup for 400 
years ('4C), terminating around 3200 years ago 
('°Be)], 2300 years ('*C), 2000 to 1650 years 
(at least three events; '°Be and '4C), 1400 years 
('°Be), 1000 years ('°Be and '4C), 850 ('4C) to 
800 years (‘“Be, sample —927), 650 ('4C) to 570 
years ('°Be), 400 years (at least two events; 
Be and “C), and 270 years to ~110 years 
(historic and '°Be). 

Episodic fluctuations of the large valley 
glaciers at Mount Cook since mid-Holocene 
time have resulted in ice front advances to, and 
returning from, positions only short distances 
outside the mid- to late 19th century glacier 
termini, with a decrease in amplitude during the 
last millennium. The summer temperature time 
series based on tree-ring data from the nearby 
Oroko Swamp (2/) (Fig. 3) shows similarly the 
coldest period during the past 1100 years around 
1000 common era (C.E.), followed by abrupt climate 
fluctuations superimposed on a trend to slightly 
warmer temperatures. Collectively, these data 
point to a coherent record of summer tempera- 
ture changes and concomitant glacier fluctuations 
in the Southern Alps during the late Holocene. 

To evaluate the wider implications of our re- 
sults, we compared the Holocene moraine record 
from Mount Cook over the past 4000 years with 
Northern Hemisphere records (Fig. 3). Three 
main conclusions can be drawn. First, there is a 
notable interhemispheric disparity in the timing 
of the maximum ice extent. The Mount Cook 
glaciers were further advanced about 6500 years 
ago than at any subsequent time. In contrast, 
most Northern Hemisphere glaciers reached their 
greatest Holocene extents during the LIA (1300 
to 1860 C.E.). 

Second, several glacier advances beyond 
the extent of the 19th century termini occurred in 
New Zealand during northem warm periods char- 
acterized by diminished or even smaller-than- 
today northern glaciers, such as between 7500 
and 5500 years ago in the Swiss Alps (22) and 
Scandinavia (23), during the Bronze Age Opti- 
mum [about 1500 to 900 before the common 
era (B.C.E.)], during the Roman Age Optimum 
(200 B.C.E. to 300 C.E.), and during the MWP 
(800 C.E. to 1300 C.E.). 

Third, the greatest coherency between the 
Mount Cook and Northern Hemisphere records 
was during the Dark Ages (300 C.E. to 700 C.E.), 
and broad similarities were apparent during the 
past 700 years (the northern LIA), with multiple 
glacier advances followed by a general termina- 
tion commencing in the mid- to late 19th century. 
However, northern Holocene moraine sequences 
are dominated by the LIA-maximum terminal 
moraine less than 400 years old (typically mid- 
19th century in the Swiss Alps and mid-18th cen- 
tury in Scandinavia), whereas the most prominent 
moraine of the past millennium at Mueller Glacier 
is about 570 years old and is followed inboard by 
several smaller moraines. This pattern of broad 
consistency but differing detail of glacier behavior 
has continued over the past 150 years (SOM text). 
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Fig. 2. Oblique view of the Holocene moraines of Mueller Glacier together with the *°Be chronology. 
The ?°Be ages are given in years together with analytical uncertainties (2c) and sample number (fig. $1 
and tables S2 and $3). The innermost moraine ridge (dark purple) was deposited during the mid- to late 


19th century (22). 


Decreasing extent of New Zealand Holocene 
glaciers conflicts with nearby mean-annual sea 
surface temperature proxies [e.g., (24)] that show 
progressive cooling. However, melt-layer records 
in West Antarctic ice (25) that indicate increasing 
Holocene summer maximum temperatures are 
more commensurate with New Zealand glacier 
behavior. 

Our results are in accord neither with the 
hypothesis of interhemispheric synchrony of 
mid- to late Holocene climate change nor with 
a rhythmic asynchrony, downplaying the im- 
portance of global driving mechanisms. This 


includes solar irradiation changes translating 
quasi-linearly into near-surface climate. How- 
ever, recent studies show that climate models 
driven by solar changes can induce regionally 
distinct temperature changes (26), and indeed 
the Mount Cook moraine chronology shows 
some similarities to the solar record [e.g., (26)]. 
Alternatively, variations in the strength of deep- 
water production between the north and the 
south have been proposed (27) to explain inter- 
hemispheric incoherencies in Holocene climate. 
But this mechanism predicts strictly antiphased 
glacier behavior in north and south and it is not 
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Fig. 3. The timing of Holocene glacier fluctuations near Mount Cook in New Zealand's Southern Alps 
(bottom), together with published *4C ages on soils buried by Mount Cook glacier expansion events 
(11) over the past 4000 years, and a tree ring reconstruction of austral summer temperature in New 
Zealand over the past 1100 years (21), compared with glacier fluctuations in the Northern Hemi- 
sphere (top). The probability plots at the bottom are summary curves of all individual ?°Be boulder 
ages from each moraine dated in New Zealand. The blue bars show the arithmetic means of the 
moraine age (fig. S1 and table S3). The *°Be ages are from Mueller Glacier moraines, except for the 
1650-year moraine (Tasman Glacier) and 1370- and 1020-year moraines (Hooker Glacier). Note that 
we have identified a moraine corresponding to each *“C soil age except for the 2300-year soil. The 
top graph shows fluctuations of two index glaciers in the Swiss Alps, the Great Aletsch Glacier and the 
Gorner Glacier, reconstructed from historical accounts and tree ring and radiocarbon data from fossil 
wood by (30). The middle graph shows the glacier advances in coastal Alaska (31) and the Canadian 
Rockies (32). These northern records feature high-precision glacier chronologies derived primarily 
from dendrochronology. Each bar shows the length of a tree ring record. The right end of each bar 


represents a glacier kill date. 


obvious how such large-scale ocean variations 
may account for contemporary regional contrasts, 
as exhibited by the general advance of glaciers in 
New Zealand and southernmost South America in 
unison with the retreat of glaciers on the Antarctic 
Peninsula and northern Patagonia (28). Alterna- 
tively, we suggest that regional ocean-atmosphere 
oscillations may account for the observed glacier 
fluctuation pattern. Analogous to the correlation 
between the Atlantic Multidecadal Oscillation 
and glaciers in the Swiss Alps (27), the Inter- 
decadal Pacific Oscillation (IPO) (SOM text) has 
been an important influence on glacier behavior 
in New Zealand over the past few decades (29): 
The IPO switched to a negative mode about 1940 
C.E., bringing warmer and drier conditions to 
New Zealand’s Southern Alps before reverting to 
a positive, colder, and wetter mode in 1978 C.E. 
These changes are well reflected in New Zealand’s 
glacier length fluctuations. Whether or not this 
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mechanism is generally applicable to the Holo- 
cene period, our study shows that mid- to late 
Holocene glacier fluctuations were neither in 
phase nor strictly antiphased between the hemi- 
spheres, and therefore it is likely that regional 
driving or amplifying mechanisms have been an 
important influence on climate. The ability to 
obtain high-precision ages for Holocene mo- 
raines, including historic times, opens the way for 
defining much-improved chronologies of glacier 
fluctuations at key sites in north and south and 
may help finally to solve the puzzle of what 
drove Holocene climate variations. 
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Molecular preservation in non-avian dinosaurs is controversial. We present multiple lines of evidence 
that endogenous proteinaceous material is preserved in bone fragments and soft tissues from an 
80-million-year-old Campanian hadrosaur, Brachylophosaurus canadensis [Museum of the Rockies 
(MOR) 2598]. Microstructural and immunological data are consistent with preservation of multiple 
bone matrix and vessel proteins, and phylogenetic analyses of Brachylophosaurus collagen sequenced by 
mass spectrometry robustly support the bird-dinosaur clade, consistent with an endogenous source for 
these collagen peptides. These data complement earlier results from Tyrannosaurus rex (MOR 1125) and 
confirm that molecular preservation in Cretaceous dinosaurs is not a unique event. 


in a variety of vertebrate fossils (/, 2) raise 
the question of whether, and to what extent, 
original molecular components remain associated 
with these structures and the bones containing 
them. A suite of experiments supported the pres- 
ence of original collagen molecules in the bony 
matrix of Zyrannosaurus rex [Museum of the 
Rockies (MOR) 1125] (3), and phylogenetic 
analysis of tryptic fragments sequenced by mass 
spectrometry (4, 5) placed T rex within Archo- 
sauria, closer to birds than other vertebrate taxa in 
the sampled database (6, but see also 7—/0). 
Deep burial in sandstone seems to favor 
exceptional preservation (2). We recovered a 
single femur from an articulated hind limb of 
Brachylophosaurus canadensis (MOR 2598). 
The pes elements, tibia, and fibula were collected 
in 2006; the femur was untouched and protected 
under ~7 m of Judith River Fomation sandstones, 
Eastern Montana, USA, until recovery in 2007. The 
femur was not exposed in the field but jacketed 


S oft tissues and cell-like structures observed 
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with ~10 to 12 cm of sediments to maintain equi- 
librium. Immediately after opening the jacket, 
bone and sediment samples were collected with 
sterile instruments, wrapped in layers of foil, and 
placed in sealed jars with desiccation crystals 
until laboratory analyses were performed. Bone 
and/or processed samples were dispersed to multi- 
ple institutions for independent analyses. Some bone 
fragments were subjected to chemical extraction 
(3, 10), and others were demineralized, showing 
marked preservation of microstructures resembling 
soft, transparent vessels, cells, and fibrous matrix 
in this pristine bone (Fig. | and fig. S1) (/0). 
Under field-emission scanning electron mi- 
croscopy (FESEM) (/0), demineralized bone matrix 
was fibrous, with fibers arranged either in distinct 
layers at ~30° (Fig. 1A) that retain the original 
plywoodlike orientation of collagen fibers in bone 
(11, 12) or arranged in parallel (Fig. 1B). Micro- 
structures with filipodial extensions and internal 
contents, consistent in size and morphology to ver- 
tebrate osteocytes (13, 14), were visible at matrix 
layer boundaries (Fig. 1A, arrows). The matrix 
was virtually indistinguishable from recent de- 
mineralized ostrich bone (Fig. 1C) imaged under 
the same parameters. In transmitted light, demin- 
eralized matrix appeared white and fibrous (Fig. 
1D) and autofluoresced when illuminated with a 
mercury lamp, similar to extant bone collagen (/5). 
Transparent, flexible vessels were observed; 
some contained spherical microstructures (Fig. 
1E), whereas others contained an amorphous red 
substance (Fig. 1F) that is superficially similar to 
degraded blood products in vessels recovered 
from extant bone (Fig. 1G) (2). B. canadensis 
vessels were hollow (Fig. 1H), with walls of uni- 
form thickness, and possessed a surface texture 
that differed from exterior to luminal surfaces, 
features not consistent with the relatively amor- 
phous texture of biofilm (7). Vessel surface texture 
differed substantially from the fibrous matrix but 
was similar to that seen in extant ostrich vessels 
(Fig. 11) (/) after demineralization and collagen- 


ase digestion. Osteocytes were closely associated 
with vessels in both extant and B. canadensis 
samples (Fig. 1, H and I, arrows). The variation 
in texture, microstructure, and color of dinosaur 
material is consistent with extant tissues and not 
plausibly explained by biofilm (7). 

Ovoid red “cells” with long filipodia, similar in 
morphology to extant osteocytes, were embedded 
in or associated with white matrix (Fig. 1J and 
fig. S1) or vessels (Fig. 1H). In some cases, these 
were attached by their filipodia to adjacent cells 
(Fig. 1J, inset), forming an interconnecting net- 
work as in extant bone. The cells contain internal 
microstructures suggestive of nuclei. Red filipodia 
extend from cell bodies into the white fibrous matrix 
(Fig. 1J and fig. S1), reflecting original chemical 
differences at submicron levels between cells and 
matrix and inconsistent with recent microbial 
invasion (7). Under FESEM (10), B. canadensis 
osteocytes and filipodia (Fig. 1K) are similar in 
morphology, surface texture, and size to extant 
ostrich osteocytes isolated from bone digests 
(Fig. IL) (, 2, 13, 14). 

MOR 2598 bone fragments were chemically 
extracted (2, /0) for use in multiple analyses. Elec- 
trophoretic separation revealed a smear of silver- 
stainable material, not present in either buffer 
controls or surrounding sediment extracted in tan- 
dem with the bone. A dark-staining high—molecular 
weight band was consistently seen in guanidine 
extracts, whereas a low—molecular weight smear 
was visible in trichloroacetic acid extractions (fig. 
82) (0). 

Both chemical extracts and demineralized dino- 
saur tissues showed binding of antibodies raised 
against collagen and other extant proteins. Enzyme- 
linked immunosorbent assays (fig. S3A) and 
immunoblots (figs. S3B and S9) of bone extracts 
showed positive reactivity to antibodies raised 
against avian collagen I and/or osteocalcin; con- 
trols of extraction buffers alone or coextracted 
sediments were nonreactive (figs. S3A and S9). 
Results were repeated in two separate laboratories 
(labs of R.K. and L.C.C.) on separate extractions 
of MOR 2598 bone fragments. 

In situ immunohistochemical analyses con- 
ducted on demineralized dinosaur extracellular 
matrix showed positive reactivity to polyclonal 
antibodies raised against avian collagen I (Fig. 2A), 
osteocalcin (Fig. 2D), and ostrich whole bone 
extracts (fig. S4) (70), but monoclonal antibodies 
raised against a specific osteocalcin epitope (fig. 
S5) showed no binding. This may indicate that 
the single epitope targeted by the monoclonal 
antibody was either not preserved or not present 
originally in B. canadensis protein. Negative 
controls of secondary antibody only (no primary 
added) showed no binding (fig. S5), and 
specificity controls of inhibition (blocking anti- 
body binding sites by first incubating with excess 
collagen, see Fig. 2B) and tissue digestion with 
collagenase before antibody exposure (Fig. 2C) 
resulted in the reduction of binding. Antibodies to 
ostrich whole bone extracts (fig. S4) bound 
dinosaur tissues slightly stronger than commercial 
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chicken collagen antibodies (Fig. 2A), possibly 
indicating more shared epitopes between B. 
canadensis and ostrich bone proteins than this 
dinosaur and chicken. These results support the 
hypothesis that original epitopes of bone proteins 


Fig. 1. FESEM and transmitted light micrographs 
of demineralized B. canadensis (MOR 2598) bone 
matrix, vessels, and cells, compared with extant 
ostrich components imaged under similar conditions. 
(A) Low-magnification of FESEM demineralized 
MOR 2598 shows fibers in a plywood-like array 
characteristic of bone. Arrows indicate osteocytes in 
lacunae within fibers. (B) Demineralized matrix 
showing detail of fibers. (C) Demineralized ostrich 
bone matrix imaged under the same parameter as 
in (B). (D) Demineralized bone matrix from MOR 
5928 is white under transmitted light. (E) MOR 
2598 vessels and matrix after EDTA demineralization 
show rounded red inclusions (20). (F) Higher mag- 
nification of isolated MOR 5923 vessel, showing 
amorphous red intravascular contents. (G) Ostrich 
vessel with amorphous contents and associated osteo- 
cyte (arrow). (H) FESEM shows hollow B. canadensis 
vessels, often associated with osteocytes (arrow). (I) 
FESEM image of collapsed ostrich vessel and asso- 
ciated matrix with osteocytes (arrows). (J) Osteocytes 
attached by interconnected filipodia, with filipodia 
embedded in fibrous matrix. (K) FESEM of single 
B. canadensis osteocyte with long filipodia. (L) Single 
ostrich osteocyte isolated from demineralized, 
digested bone. 


Fig. 2. In situ immunohistochemistry of deminer- 
alized B. canadensis bone matrix and vessels. (A) 
Incubated with antibodies against avian collagen | . 
(B) Anti-collagen antibodies inhibited with avian 
collagen, then incubated with tissues as in (A). (C) 
Demineralized bone matrix digested with collagen- 
ase, then incubated with anti-collagen antibodies 
as in (A). (D) B. canadensis demineralized bone 
matrix incubated with anti-osteocalcin polyclonal 
antibodies (10). (E) B. canadensis vessels incubated 
with polyclonal antibodies against laminin (20) 
show weak binding above background levels. (F) 
Vessels incubated with antibodies against elastin 
proteins. (G) Vessels digested with elastase, then 
incubated with elastin antibodies as in (F). (H) 
B. canadensis vessels incubated with polyclonal 
antibodies against ostrich hemoglobin. (I) Ostrich 
hemoglobin antibodies incubated with excess he- 
moglobin to inhibit binding, then incubated with 
dinosaur vessels as in (H). Panels (A) to (D) were 
taken at 79-ms integration, 63x objective; (E) to (I) 
were taken at 120-ms integration, 63x objective, 
magnification as shown. 
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are preserved in these 80-million-year-old dino- 
saur skeletal elements. 

Because elastin, laminin, and hemoglobin are 
commonly associated with blood vessels in tetra- 
pods, we used antibodies raised against these pro- 


teins to test for epitopes preserved in B. canadensis 
vessels. Elastin is a highly conserved, vertebrate- 
specific molecule generally resistant to degradation 
(16), and antibodies to this protein bound dinosaur 
vessels above background levels in all cases, both 
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Fig. 3. Mass spectrometry analyses of B. canadensis 
tissues and extracts. (Inset to A) Collagen-specific 
Pro-OH functional group positively identified by TOF- 
SIMS in situ analysis of demineralized B. canadensis 
tissues by a preparation method distinct from tan- 
dem mass spectrometry analyses [see text and (20)]. 
(A to D) Product ion spectra recorded during tan- 
dem mass spectrometry (LC/MS/MS) analyses with 
CID of chemical extracts of bone. The four colla- 
gen peptides scoring lowest on Mascot search en- 
gine scores (but top-ranked versus the Swiss-Prot 
database) acquired from the LTQ-Orbitrap XL mass 
spectrometry were validated with high-confidence 
versions of the same sequences with a computational 
spectral comparison tool. (A) B. canadensis collagen 
a1(I) [M+3H]3+ peptide ion GLTGPIGPP(OH)GPAGAP 
(OH)GDKGEAGPSGPPGPTGAR using the MS Search 
2.0 spectral comparison algorithm shows excellent 
alignment of fragment ion m/z values and relative ™ 
intensities and was ranked first to a previously ac- — 2,07" 

quired high-confidence ostrich version of the same se- SRS ravore . 
quence [reverse match factor (RMF =779)] in adatabase | 5 arn Pe one 
of >200,000 spectra. (B) Collagen a1(I) [M+2H]2+ y" a 

peptide ion GATGAP(OH)GIAGAP(OH)GFP(OH)GAR was - / by tO! baal? 
a top match to the synthetic peptide version of the same 338078 by!” voonrss eH.Q"” 

sequence (RMF = 494). (C) The collagen a2(I) [M+2H]2+ a = 
peptide ion GSN(deam)GEP(OH)GSAGPP(OH)GPAGLR — couszs 
versus a synthetically derived version (RMF = 482), — 
and (D) the collagen a1(I) [M+2H]2+ peptide ion won 02ers 
GVQGPP(OH)GPQGPR validated with a synthetic pep- — 
tide (RMF = 562). (B, C, and D) Significant fragment 
ions attributed to water losses from the precursor ion 
are present in the spectra from Brachylophosaurus but — GATGAP 4 GIAGAP 04) SFP (04, GAR 
are less apparent in synthetic or ostrich comparisons. Se SCOOP BOOB ONG CNaOO oa tvoD tis imo ao Too 1350 ta00 Waa) Taoo 
The four other highest-scoring statistically signifi- 
cant MS/MS spectra are shown in fig. S9 in the SOM. 
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in immunohistochemistry (Fig. 2F) and immuno- 
blot (fig. S6A). Antibodies to both laminin and 
elastin proteins showed specific binding, though 
they differed in binding strength in both assays. 
Three relatively high—molecular weight bands can 
be seen within a smear of stained material in im- 


ptr 


munoblot (fig. S6A, thin arrows), whereas two faint 
bands indicating laminin antibody binding were 
observed at different molecular weights when com- 
pared with elastin-reactive bands (fig. S6A, short 
arrows). Vessel extracts did not show binding to 
antibodies raised against ostrich hemoglobin, but 
hemoglobin antibodies bound specifically in in 
situ tests (Fig. 2H). A second set of experiments, 
conducted in a separate lab (by R.K.), confirm 
these results (fig. S6B). Laminin antibodies known 
to react to avian and reptilian proteins (/0) demon- 
strate specific binding to B. canadensis extracts. Con- 
trols for spurious antibody binding were negative. 

Attenuated total reflection infrared spectroscopy 
demonstrated clear amide I and amide II bands 
(fig. S7) in lyophilized vessels and surrounding 
demineralized matrix. This method cannot be used 
to identify which proteins are present or the source/ 
endogeneity of these proteins, only characteristic 
bond vibration patterns. However, the data are 
consistent with other in situ data supporting the 
presence of proteinaceous material in B. cana- 
densis tissues. 

Posttranslational hydroxylation of proline is an 
identifying feature of collagen, and microbes can- 
not produce this modification (/7, 78). Whole vessels 
and matrix from demineralized B. canadensis bone 


ake 
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Fig. 4. Consensus of the posterior distribution of phylogenetic trees including M. americanum 
(Mastodon, MOR 605) and the extinct dinosaurs B. canadensis (MOR 2598) and T. rex (MOR 1125, 
in bold). Colored backgrounds designate monophyletic groups. All nodes have 100% posterior 
probability (PP) support except the Gallus/Struthio group, which has 36% PP support. Branch 
lengths are reported as the mean of the expected number of changes per site. 


Table 1. Collagen o1(1) and a2(I) sequences acquired by ion trap and Orbitrap 
mass spectrometry for B. canadensis. m/z values of the peptide ion, molecular 
weight, mass spectrometer used, database search engine scores, expectation values, 
sequence validation method, and sequence identity based on BLAST searches versus 


the all-species NCBInr protein database and internally acquired ostrich and alligator 
sequences are shown. The interpretation of the sequence GLPGESGAVGPAGPP(o4)GSR 
was aided by the high mass accuracy of the Orbitrap, because hydroxyproline is 
more accurate than isoleucine/leucine at position 15 by 0.0364 daltons. 


m/z Mr Mass Instrument Mascot Mascot Sequest Validation Peptide sequence Protein BLAST 
(obsd) (calc) error rank score expectation Xcorr sequence 
value identity 
960.487 2878.421 0.0047* Orbitrap 1 40.0 0.59 4.53 Search stats; GLTGPIGPP(OH)GPAGAP(OH) Collagen o1(1) Ostrich and 
ostrich peptide GDKGEAGPSGPPGPTGAR mammals 
730.740 1458.685 0.7793 lontrap 1 73.7 0.00027 3.99 Search stats GSAGPP(OH)GATGFP(OH) ~— Collagen o1(1) ‘T. rex, 
GAAGR chicken, and 
mammals 
786.901 1571.769 0.0180* Orbitrap 1 37.2 0.84 3.13 Search stats; GATGAP(OH)GIAGAP(OH) Collagen o1(1) T. rex, 
synthetic peptide GFP(OH)GAR chicken, 
alligator, 
and amphibia 
766.877 1531.738 0.0005 Orbitrap 1 52.7 0.023 2.70 Search stats GETGPAGPAGPP(OH)GPAGAR Collagen a1(1) Chicken 
582.160 1161.589 0.7164 lontrap 1 65.8 0.0015 2.48 Search stats; GVQGPP(OH)GPQGPR Collagen a1(1) T. rex, 
synthetic peptide chicken, 
alligator, 
and opossum 
653.824 1305.631 0.0013 Orbitrap 1 56.9 0.012 2.63 Search stats GPSGPQGPSGAP(OH)GPK Collagen a1(1) Chicken, 
alligator, 
rat, and 
opossum 
805.875 1609.734 0.0012 Orbitrap 1 40.5 0.54 2.32 Search stats; GSN(deam)GEP(OH)GSAGPP Collagen o2(1) Chicken and 
synthetic peptide (OH)GPAGLR alligator 
789.898 1577.782 0.0005 Orbitrap 1 54.3 0.023 3.97 Search stats GLPGESGAVGPAGPP(OH)GSR Collagen a2(1) T. rex 


*For two sequences [GLTGPIGPP(oy) GPAGAP(ou) GDKGEAGPSGPPGPTGAR and GATGAP(o4)GIAGAP(o4)GFP(onyGAR] acquired with the Orbitrap, MS/MS was triggered on the m/z ratio representing 
the 73 stable isotope containing ion rather than the monoisotopic version. 
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were subjected to in situ time-of-flight-secondary 
ion mass spectrometry (ToF-SIMS) with imaging 
capability (/0) in a separate laboratory (the lab of 
R.A.). Focused Ga* and Au’ ions generated mo- 
lecular fragments from tissues that were detected 
with sufficient high mass resolution (m/Am ~ 4000) 
to uniquely identify hydroxylated proline (Pro-OH), 
as well as Lys, Pro, Lys-OH, Ala, Gly, and Leu 
from demineralized dinosaur tissues (fig. S8). A 
number of organic fragments containing nitrogen 
were also detected, including unusual complexes 
between C, N, and Fe (Fig. 3A, inset, and fig. 
S8), suggesting alteration and modification to 
preserved organics, more consistent with an an- 
cient source than recent contamination. 

We used mass spectrometry (performed by 
J.M.A.) to analyze whole bone extracts of B. 
canadensis (MOR 2598) that were fibrous and 
lighter in color than those from 7 rex (MOR 
1125) (4, 5). Bone extracts (/0) were proteolyzed 
with trypsin, purified, and concentrated by 
microreversed phase chromatography, then an- 
alyzed by reversed-phase microcapillary liquid 
chromatography tandem mass spectrometry 
(LC/MS/MS) using both linear ion trap and 
hybrid linear ion trap—orbitrap mass spectrom- 
eters (19). We searched fragmentation spectra from 
data-dependent acquisitions against the reversed 
Swiss-Prot protein database using Sequest (20) and 
Mascot (2/) algorithms. We identified eight total 
collagen peptide sequences, six from collagen 
al type I and two from collagen a2 type I. The 
eight peptides totaled 149 amino acids from four 
different samples (six LC/MS/MS data sets), 
nearly double the number of amino acids (89) 
recovered from T rex (MOR 1125) (4, 5). The 
eight peptides identified as collagen (Table 1) were 
top-ranked matches versus the Swiss-Prot target 
protein database. Four of the eight peptides, 
derived from three separate bone extracts, were 
sequenced from multiple scan events across 
multiple data files. We validated the sequences 
using scoring statistics, decoy databases, manual 
inspection, and spectral comparisons to high- 
confidence spectra obtained from synthetic pep- 
tides and peptides of identical sequence from 
extant organisms. One peptide sequence showed 
evidence of deamidation of asparagine, and all 
reported sequences contained at least one Pro- 
OH residue. 

The eight peptide sequences for collagen 
al type I and collagen a2 type I represent 7.8 
and 2.5% of the full-length sequence for related 
organisms, respectively. In addition, three peptide 
sequences were confirmed in a separate laboratory 
(in the lab of W.S.L.) from two samples from a 
single bone extraction. Coextracted sediment and 
buffer controls were consistently negative for col- 
lagen peptidic material by all methods of analyses 
including mass spectrometry sequencing, although 
common contaminants including human keratins, 
ubiquitous in all labs, and some microbial peptides 
were sequenced from these bone extracts. 

All eight sequences derived from B. canadensis 
extracts are high-confidence, and their spectra 


produced expectation values of <1 from Mascot 
searches. Four dinosaur spectra were high-confidence 
matches to existing protein databases, and sta- 
tistical validation is sufficient for identification. 
The four lowest-scoring MS/MS spectra from 
Brachylophosaurus bone extracts, acquired with 
the use of collision-induced dissociation (CID) in 
the linear ion trap of an LTQ-Orbitrap XL mass 
spectrometer, are shown in Fig. 3, A to D. These 
MS/MS spectra were subjected to an extra level of 
validation with the MS Search 2.0 spectral 
comparison algorithm from the National Institute 
of Standards and Technology (NIST) against a 
database of >200,000 random peptide fragmenta- 
tion spectra from various taxa (22, 23), including 
high-confidence versions of MS/MS spectra 
from four collagen sequences by adding previ- 
ously acquired ostrich or synthetic peptides to the 
NIST spectral database. These four sequences 
derived from B. canadensis were top matches to 
high-confidence versions of the same sequences by 
fragment ion mass/charge ratio (m/z) values and 
relative intensities of fragment ions, providing 
additional validation of the data. All sequence 
data from Brachylophosaurus and validating 
sources are available in the supporting online 
material (SOM). The complete raw data from all 
27,791 spectra, as well as previously reported 
sequences from 7. rex, are available from the 
PRIDE database (www.ebi.ac.uk/pride/). In ad- 
dition, we have shown B. canadensis collagen 
sequences to be statistically significant, and false 
discovery rates for MOR 2598 sequence data 
have been calculated (/0). 

In a separate lab (that of L.C.C.), B. canadensis 
bone extracts showed positive reactivity by immu- 
noblot to a mixture of collagen type I polyclonal 
antibodies at high molecular weights (~250 to 
300 kD), whereas surrounding sediments showed 
negative reactivity (fig. S9). This supports the 
identification of collagen fragments in bone ex- 
tracts and suggests modifications (for example, 
cross-linking) of collagen molecules (2). Although 
silver-stained material in gels (fig. S2) suggest 
concentrations within the low end of current mass 
spectrometry sensitivity thresholds (low nano- 
gram), it is likely that most of the protein is present 
in unsequenceable form(s); that is, cross-linked 
and/or modified so as to make them incapable of 
resolution by current mass spectrometry technol- 
ogy and software. We hypothesize that processes 
contributing to preservation of these otherwise la- 
bile components make analyses difficult, but con- 
versely, the low recovery and diagenetic alteration 
support an endogenous source, as these chemical 
modifications are not observed in modern proteins. 

B. canadensis collagen sequences were aligned 
with collagen sequences from 21 extant taxa and 
two extinct organisms: Mammut americanum 
(MOR 605) and 7? rex (MOR 1125) (see table S1 
and SOM appendix) (6). The Anolis carolinensis 
amino acid sequence was inferred with the use 
of FGENESH-+ (gene prediction on the basis of 
protein homology; www.softberry.com). Addi- 
tional collagen a2(I) sequence data for five 


species were obtained from online public data- 
bases (table S1). 

We used BayesPhylogenies (24) to infer phy- 
logenetic relationships from collagen sequences 
with the Dayhoff amino acid substitution model 
(6). The resulting consensus tree of the posterior 
distribution (Fig. 4) was well resolved, as was a 
phylogeny inferred by maximum likelihood (fig. 
S11). Whereas the first molecular phylogeny con- 
taining a non-avian dinosaurian [7- rex, MOR 1125, 
(6)] resulted in a tree that misplaced A. carolinensis 
(6), additional sequence data from several extant 
species (fig. S11 and table S1) corrected this mis- 
placement and improved clade support to 100% 
(number of times a clade was inferred in the 
posterior distribution of trees) for all groups except 
the Gallus/Struthio group (Aves), which had 36% 
support. Under a majority-rule criterion to building 
a consensus tree, Dinosauria (the group containing 
the two extinct dinosaurs and the two birds) col- 
lapsed into a three-way polytomy. 

Removing T. rex from the phylogeny resulted 
in a three-way polytomy as well. The amount of 
missing data in B. canadensis and T. rex sequences 
relative to extant samples resulted in relatively 
low resolution within Dinosauria, but even so, the 
phylogenetic relationship of recovered B. canadensis 
sequences supports the species’ placement within 
Archosauria, closer to birds than Alligator. How- 
ever, on the basis of well-established morpho- 
logical analyses (25), we predict that 7’ rex is 
more closely related to birds than it is to the 
ornithischian hadrosaur B. canadensis. Despite 
ambiguity within Dinosauria, obvious phyloge- 
netic signal resides within recovered collagen se- 
quences, supporting endogeneity (fig. S11) (0). 

The hypothesis that endogenous proteins can 
persist across geological time, as first reported for 
T. rex (MOR 1125), was met with appropriate 
skepticism (7—9). However, the inclusion of ad- 
ditional sequence data from extant reptiles (6) 
and B. canadensis strengthens the hypothesis that 
the molecular signal is preserved at least to the 
Late Cretaceous. 

The submicron differences in texture (Fig. 1 and 
fig. S1), elemental differentiation, sub-“cellular” 
inclusions in osteocytes and vessels, identifica- 
tion of the posttranslational Pro-OH modification 
not produced by microbes (/8), differential bind- 
ing of antibodies by both in situ and immunoblot 
studies, collagen protein sequences, and phyloge- 
netic analyses do not support a microbial origin 
for either these microstructures or peptide frag- 
ments (7). Coupled with evidence for cross-linking 
and unusual chemical modifications, the congruence 
of evidence strongly supports an endogenous origin 
for this material. The most parsimonious explana- 
tion, thus far unfalsified, is that original molecules 
persist in some Cretaceous dinosaur fossils. Still 
unknown is the chemistry behind such preservation. 
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A Gross-Pitaevskii 


Treatment 


for Supersolid Helium 


Philip W. Anderson 


Understanding the observations of nonlinear rotational susceptibility in samples of solid 

helium below temperatures of 1 to 200 millikelvin (mK) has been a subject of some controversy. 
Here, the observations are conjectured to be describable in terms of a rarified Gross-Pitaevskii 
superfluid of vacancies, with a transition temperature of about 50 mK, whose density is locally 
enhanced by crystal imperfections. The observations can be greatly affected by this density 
enhancement. | argue that every pure Bose solid’s ground state is a supersolid. 


t least half a dozen groups by now have 

confirmed the original observation (/) 

made with a torsional oscillator that solid 
helium-4 (“He) loses a fraction of its classical 
moment of inertia when it is below an onset 
temperature of around 200 mK. The first obser- 
vations showed a strong dependence on velocity 
of motion; however, at lower temperatures, such 
as in the <50 mK range, the observations show 
thermal hysteresis, and in some circumstances 
the signal is quite robust. The observations can 
only indicate superfluid flow, though as yet no 
direct experiment has demonstrated that. How- 
ever, an observed considerable sensitivity to crys- 
tal quality leaves open the question of whether the 
flow is intrinsic to the pure solid; a vocal faction 
argues that it cannot be. I here address these issues 
from a different point of view. 

The Gross-Pitaevskii equation for the order 
parameter (2, 3), and the corresponding free 
energy, has become standard for treating Bose 
condensation in cold atomic gases. The assump- 
tion on which this theory was based, essentially 
that the bosons are dilute relative to the range of 
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their interaction, are well satisfied in these sys- 
tems but not for superfluid helium (He ID) (cor- 
respondingly, there are complications in He II, 
specifically the roton spectrum and the large de- 
pletion of the condensate). One might think that 
the Gross-Pitaevskii equation would be even less 
applicable to solid He, but the opposite may be 
the case. 

The solid is of course dense, but the experi- 
ments indicating supersolidity show that the 
amount of matter that actually flows is a few 
percent of the atoms, and in good crystals much 
less matter flows than that. The earliest theoret- 
ical paper on supersolidity (4) proposed that 
supersolidity might consist of Bose condensa- 
tion of a small density of vacancies in the solid 
substrate. The wave function that I have proposed 
as a heuristic description of the phenomena (5) 
can be interpreted in those terms. Vacancy flow 
within a rigid lattice and substrate atom flow are 
essentially equivalent, so as a shorthand I will 
discuss “vacancies” and a quantum (boson) field 
representing them. The term vacancies is used 
henceforth as a shorthand for the fluctuations in 
particle number that make it possible to define a 
phase of the particle field. In the pure crystal, 
they may be equally matched between particles 


and holes, and the superfluidity can be caused 
by an overlap of local boson wave functions 
[see the supporting online material (SOM) text]. 

Vacancies certainly interact repulsively as hard- 
core bosons, because no two vacancies can be on 
the same site. There may also be a long-range 
interaction due to elasticity, which is thought to 
be attractive but probably does not play any dy- 
namical role; elasticity simply changes the chem- 
ical potential. The vacancy density is, especially 
in a good crystal, very low and experimentally on 
the order of 3 x 10“ per site. 

The Gross-Pitaevskii energy is 


1 
E = |(AV¥)|?/2m* + VON) + sal¥l? (1) 
and the Gross-Pitaevskii equation is 
uh = 7° P/2m* + Vi + gl PP (2) 


Here, fi is the reduced Planck constant, Y is 
the “order parameter” (the mean of the va- 
cancy boson field), m* is an effective mass, g 
is the coupling constant (f°a/nm*, where a is 
the scattering length and presumed repulsive), 
and ut is the chemical potential for vacancies. 
V(r) is in the gas state simply the trap poten- 
tial, but in here V(r) is included to take into 
account the fact that dislocations, surfaces, grain 
boundaries, and possibly *He impurities are all 
attractive sites for vacancies. All of these pa- 
rameters and their values need further discus- 
sion because my physical conclusions depend 
on them. Equation 1| essentially is just a coarse- 
graining of the mean-field Schrédinger equation. 
The time-dependent equation that controls col- 
lective modes and vortex behavior is obtained 
by replacing with ne. 

The chemical potential tells us how many va- 
cancies there are. The strong arguments presented 
in (6, 7), which are based on a Bijl-Jastrow wave 
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function for the ground state, as well as recent 
estimates (8, 9) are in favor of there being vacan- 
cies at the 10 * per site level, even in the pure 
crystal (SOM text). Repeated efforts by Clark et al. 
to grow perfect, pure, single crystals have always 
observed nonclassical rotational inertia (NCRI) 
on the 10 * level relative to the classically expected 
value (/0), and this level or higher has been 
confirmed by others (//—/3). Simulations (74, 75) 
performed using the path-integral Monte Carlo 
method have been claimed to prove the non- 
existence of vacancies; however, among other 
difficulties the equivalent temperature in these 
simulations is well above the relevant temper- 
ature at which Bose condensation takes place. In 
any case, simulating 10* atoms well enough to 
find a single defect is beyond the capabilities of 
those methods. I used a background density 
((¥[°) relative to the solid for pure *He) of 2 x 
10 * to 3 x 10 *, which fixes p in terms of g. 

I assumed m* to be fairly light relative to that 
of a helium atom (mm .) and used an estimate that 
is often quoted, 1/3774. (other estimates are even 
smaller). This effective mass is such that the un- 
certainty energy that is necessary to localize the 
mass on a single site is on the order of 10 K. 
This is the same magnitude as estimates in (/0) 
of the energy cost of a vacancy and suggests that 
those estimates may not have taken into account 
the kinetic energy that could be gained by de- 
localization. Regarding vacancies classically as 
strictly local configurations of the lattice is not 
reasonable. 

m* and the density of the boson field allow 
an estimate of the superfluid transition temper- 
ature from the Bose-Einstein equation 
an? ( N \? 
tale a (a7) (3) 


where N/V is the vacancy density, kg is 
Boltzmann’s constant, and 7, is the transition 
temperature. 

By entering into Eq. 3 a typical solid density, 
a vacancy concentration of 2 x 10 * to 3 x 10+ 
per site, and a mass of 1/3my., the resulting 
transition temperature is ~50 to 70 mK. This is 
very close to the transition temperature at which 
thermal hysteresis in the NCRI has been re- 
ported (/2, 76). I have discussed elsewhere (/7) 
why reversible NCRI appears so far above 7.. 
One expects true superflow to be observable 
only below this 7, if at all. 

The parameter g, or equivalently the scatter- 
ing length a, is not something one can accurately 
estimate. I next discuss here the consequences of 
assuming that g is reasonably small. This perhaps 
can be justified, again, from the fact that a light 
mass implies a somewhat extended lattice distor- 
tion. Here, I define a correlation length as 


§ = 1/V/8nnoa (4) 


where 1g = |‘Y"|, which is the exponential decay 
length of a small perturbation in the vacancy 
field, according to Eq. 1. Given that my =3 x 10 +, 


even if a is a whole lattice constant, € is 10 
lattice constants or 3 nm; it would be reasonable 
for € to be an order of magnitude larger. This is 
still not quite the scale at which the variation of 
surface-to-volume ratio in NCRI occurs (/8), 
but almost. 

What is of most interest is the effect of de- 
fects being attractive sites for vacancies. A dis- 
location core, for instance, is said to attract on 
the order of one vacancy per atomic length, cal- 
culated on the basis of localized high-energy 
vacancies (19). This amounts to a potential well 
in V that could be estimated as VR? = 10 to 15 K, 
where R is the well’s radius. Balancing this 
against the repulsive interaction g‘¥*, a disloca- 
tion core might be capable of attracting a cloud 
of °< 1/g vacancies with a radius on the order of 
&. Thus, the effect of dislocations can be some- 
what magnified. Correspondingly, one would 
expect there to be similar diffuse densities of 
delocalized vacancies around grain boundaries 
and near surfaces. I would consider this to be 
one of the few possibile explanations for the 
degree to which crystal imperfection appears to 
enhance NCRI. 

Why small concentrations of *He produce 
large effects remains an open question. 

It seems possible to provide an accounting of 
most of the puzzling properties of low-temperature 
solid He by describing it as a Gross-Pitaevskii 
fluid of delocalized quantum vacancies. The idea 
that the superfluid is an intrinsic property of the 
pure crystal, which is locally enhanced by imper- 
fections, seems to account for the low and rea- 
sonably invariant genuine superfluid transition 
and the large variations in the quantity of super- 
flow, which otherwise appear to be irreconcilable. 
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Evidence for a Superglass 


State in Solid “He 


B. Hunt,?* E. Pratt,?* V. Gadagkar,? M. Yamashita,” A. V. Balatsky,? J. C. Davis*“+ 


Although solid helium-4 (*He) may be a supersolid, it also exhibits many phenomena 

unexpected in that context. We studied relaxation dynamics in the resonance frequency f(7) and 
dissipation D(T) of a torsional oscillator containing solid “He. With the appearance of the 
“supersolid” state, the relaxation times within f(7) and D(T) began to increase rapidly together. More 
importantly, the relaxation processes in both D(T) and a component of f(7) exhibited a complex 
synchronized ultraslow evolution toward equilibrium. Analysis using a generalized rotational 
susceptibility revealed that, while exhibiting these apparently glassy dynamics, the phenomena were 
quantitatively inconsistent with a simple excitation freeze-out transition because the variation in f 
was far too large. One possibility is that amorphous solid “He represents a new form of supersolid in 
which dynamical excitations within the solid control the superfluid phase stiffness. 


“classic” supersolid (/—5) is a bosonic 
Az with an interpenetrating super- 
fluid component. Solid *He has long 
been the focus of searches for this state (6). To 
demonstrate its existence unambiguously, mac- 


roscopic quantum phenomena (7) such as per- 
sistent mass currents, circulation quantization, 


quantized vortices, or the superfluid Josephson 
effect must be observed. None of these effects 
have been detected in solid “He. 

There are, however, indications that this ma- 
terial could be a supersolid. This is because 
high-Q torsional oscillators (TOs) containing sol- 
id *He exhibit an increase in resonance frequency 
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/(T) at low temperatures. This is detectable 
below a temperature 7. ~ 65 mK in the purest, 
most crystalline samples; below Tc ~ 300 mK 
in more amorphous samples; and below at least 
Tc ~500 mK when dilute concentrations of *He 
exist (S—//). A strong dissipation peak in D(T) = 
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Q '(T) occurs in association with the rapid rise 
of f(T) (9, 10, 12), but their relation has not been 
explained. These results [now widely repro- 
duced (/2-15)] can be interpreted as a *He 
supersolid whose rotational inertia is reduced due 
to its superfluid component. Support for this 
interpretation comes from the reductions in the 
net frequency increase when the TO annuli con- 
taining solid 4He are blocked (9, 16). 

But many phenomena inexplicable in the 
context of a classic superfluid are also observed 
in equivalent samples of solid *He. These include, 
for example, maximum dc mass flow rates in- 
consistent with the TO dynamics (/7—/9), large 
increases in 7c with the introduction of dilute 
3He concentrations (8, 11), strong effects of an- 
nealing on the magnitude of TO frequency shifts 


Fig. 1. The resonant fre- 
quency shift f(7) -f.. 
(blue circles) and dissipa- 25} 
tion D(T) = Q-'(T) (red 
triangles) for our TO-solid 
“He system. Indicated with 201 
black arrows are 7*, the 
temperature at which D(7) 
peaks and the slope of 
f(T) - f..is maximal, and 
T., the temperature at which 
a change in f(7) — f.. be- 
comes detectable above 
the noise. (Inset) A sche- 
matic of the superconduct- 
ing quantum interference 
device (SQUID)—based tor- 
sional oscillator (TO). Ap- 
plying an ac voltage to the 1 


drive electrodes rotates the 50 
Stycast chassis (containing 
the solid “He in a 100-um- 
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wide annular cavity of radius 4.5 mm) about the axis of the BeCu torsion rod. The angular displacement of a 
SmCo magnet mounted on the TO generates a change in the magnetic flux through the stationary pickup 
and input coils of a dc-SQUID circuit and thereby a voltage proportional to displacement. 
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(12, 20), velocity hysteresis in the frequency shift 
(/3), and shear stiffening of the solid coinci- 
dent with the TO frequency increase (2/). These 
phenomena indicate some unanticipated inter- 
play between dynamical degrees of freedom of 
the solid and any superfluid component. 

In response, new theories have been pro- 
posed that solid 4He is (i) a nonsuperfluid glass 
(22, 23), (ii) a fluid of fluctuating quantum 
vortices (24), (iii) a superfluid network at linked 
grain boundaries (25), (iv) a viscoelastic solid 
(26), or a superglass—a type of granular super- 
fluid within an amorphous solid (27-30). To 
help discriminate between such ideas, we focus 
on the relaxation dynamics of solid “He, which 
should distinguish a simple superfluid state from 
a purely glassy state. 

Using a TO containing solid “He (Fig. 1A), 
we measure f(T) and D(T) effects that are in 
good agreement with those of other research 
groups (8-16). Figure 1 shows the evolution of 


F(T) (blue circles) and D(7T) (red triangles) for 


our typical sample; the change in f(7) between 
300 and 10 mK would represent a “supersolid 
fraction” of 4.8% if the frequency shift were 
entirely attributable to a superfluid decoupling. 
Our samples, while formed by the “blocked cap- 
illary” procedure and therefore amorphous, 
are of the type most widely studied in the field 
(8, 9, 1/—15). Thus, they are representative of 
the full spectrum of solid *He effects to be ex- 
plained. Equivalent effects were detected in four 
different samples studied in two different cells 
of this type (37). All our experiments were per- 
formed at a maximum wall velocity of less than 
4.5 um/s. 

To examine the relaxational characteristics of 
solid “He, we perform the experiments outlined 
in fig. S1 (31). The temperature is decreased 
stepwise from an initial temperature 7; to a final 
equilibrium temperature 7.,, and the rapid co- 
evolution of f and D is observed as the ther- 
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mometers approach 7,,. More importantly, the 
subsequent changes after the thermometers equil- 
ibrate, f(t,7.,) and D(t,7.,), are measured. Data 
from five representative experiments are shown 
in Fig. 2, A and B, with each trace offset by 
5000 s for clarity. In Fig. 2A, the vertical axis 
represents the percentage of the total frequency 
change during each experiment. In Fig. 2B, it 
represents the percentage of the equivalent total 
dissipation change. The green circles denote the 
time fq at which the mixing-chamber temper- 
ature equilibrates. Though for the initial t < f., 
part of each trace both f(A) and D(t) change 
rapidly with temperature, their slopes change 
sharply at ¢,q, indicating that the solid inside the 
TO maintains thermal equilibrium with the mix- 
ing chamber. 

Before the “supersolid” signature appears, 
Fig. 2, A and B, reveal that these relaxation 
rates are independent of temperature and less 
than 100 s. But below this temperature, they 
begin to increase rapidly. The time constants for 
relaxation processes in fand D, t(7') and tp(T), 
are indicated schematically in Fig. 2, A and B. 
They are measured by fitting the exponential 
ft) = C,— Cy exp(-tlt(T)) and D(t) = C3 Cy 
exp(—t/tp(T)) to each trace for times t> feq = 0. 
Both t(7) and tp(7) increase rapidly on in- 
distinguishable trajectories (Fig. 2C), indicating 
that the ultraslow relaxation processes in f and D 


are intimately linked. Such ultraslow dynamics 
in the “supersolid” state have also been observed 
elsewhere (20, 32, 33). It is difficult to reconcile 
any of these effects with thermal relaxation in a 
superfluid. Therefore, a better understanding of 
the relaxation dynamics of amorphous solid *He 
is required. 

We first examine the relation between the re- 
laxation dynamics of dissipation and the frequen- 
cy shift as both approach their long-time 
equilibrium states. In the relevant experiment 
[fig. S2 (3)], the *He sample is cooled to 17 
mK and then equilibrated for a time ¢ > 20,000 
s to achieve an unchanging state. It is then 
heated abruptly to a temperature 7, and the 
subsequent relaxation dynamics in both f(¢7) 
and D(t,7) are monitored. The resulting time 
dependence of dissipation D(z,7) is shown in 
Fig. 3A. At short times after temperature 
stabilization, the dissipation increases slightly 
(dark blue in Fig. 3A). However, these dis- 
sipative processes are actually very far out of 
equilibrium. As time passes, the dissipation 
slowly increases on a trajectory indicated by the 
transition from the blue line representing D(¢,7) 
at t~ 50 s to the dark red line representing D(¢,7) 
at ~5000 s. In the same experiment, the time 
dependence of f(¢,T) is also measured (Fig. 
3B). It differs from that of D(¢,7); at shortest 
times after stabilization at T the frequency has al- 
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ready changed greatly from its lowest-temperature 
value (Fig. 3B). This means that much of the 
frequency change responds immediately to the 
mixing-chamber temperature change (and there- 
fore also that rapid thermal equilibrium always 
exists between the sample and the mixing- 
chamber thermometer). The subsequent evolution 
of the remaining component of the frequency 
shift exhibits an ultraslow reduction in f| as 
indicated by the transition from the blue line at 
t ~ 50 s to the dark red line representing t ~ 
5000 s in Fig. 3B. These data illustrate how 
the slowing relaxation dynamics within D(t,7) 
and f(t,7) are synchronized in such samples 
of solid “He. 

They also imply that thermal hysteresis should 
occur when temperatures are swept faster than 
the relevant time constants in Fig. 3, A and B. 
In Fig. 3C, swept-temperature measurements on 
the same sample show that thermal hysteresis 
occurs in both (4,7) and D(¢,7), with their long- 
time equilibrium values (solid circles) falling 
within the hysteresis loops as expected. 

These extraordinary relaxation dynamics in 
D(t,T) and f(¢,7) are unexpected in the context 
of a familiar superfluid. But effects analogous to 
these are seen during the freeze-out of excitations 
at a dielectric glass transition (34).Thus, the phe- 
nomenology of solid “He might also be due to a 
freeze-out of an ensemble of excitations within the 
solid (22). Indeed, there have been numerous pro- 
posals (27-30) that solid “He is a “superglass”— 
some form of granular superfluid within an amor- 
phous solid. 

To examine such hypotheses, we consider the 
total rotational susceptibility y(@,7) of the TO 
plus solid 4He sample (22). A classic Debye sus- 
ceptibility describing the freeze-out of an ensem- 
ble of identical excitations with decay time (7) 
is Xp) (@, T) = go/(1 — iwt(T)). For solid 4He, 
g0/@s would represent the rotational inertia as- 
sociated with the relevant excitations. Their “back 
action” on the TO would appear in the total sus- 
ceptibility as 


x '(o, T) = K — Io iwt(T)) 


(1) 
where y is the intrinsic damping constant of the 
TO (@ = \/K/I = 2nfo; Fig.1). The effect of 
changing the temperature can be captured en- 
tirely by the Debye term x;!, whose real and 
imaginary parts are 


iyo — go/(1 


2 20 
Rlxp (T)] = —5 
[Xp ( )] 1+ ar 
a S0WoTt 
Ix, (7) = 
[Xp ( )) 1+ ar 


(2A, 2B) 


at © = Wp. Thus, when one susceptibility com- 
ponent changes due to the 1(7) term, the other 
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must always change in a quantitatively related 
manner. Such changes are measurable because 


2065 = FOYT oe 
I = gh 


ee ge 
DD) ~ Da = 7g300'(7)| (GA, 3B) 


within the Debye model with suitable approx- 
imations (3/); D.. = y/I@o. Moreover a well- 
defined characteristic temperature 7* for such a 
susceptibility occurs when @9t(7*) = 1; both the 
F(T) slope and the dissipation D(T) achieve 
their maxima at 7* (Fig. 1). 

In Fig. 4A (left), we show a fit of Eq. 3B 
to the measured D(T) as a red line, while Fig. 
4A (right) shows the resulting prediction from 
Eq. 3A for f(T) as the blue line. Comparison 
to the measured f(T) (solid blue circles) shows 
that this Debye susceptibility is inconsistent 
with the relation between D(7) and f(T). Never- 
theless, as the relaxation processes of D(t,7) 
and f(¢,7) are synchronized (Fig. 3), there must 
be an intimate relation between R[x !(t, 7)| 
and 3[y'(t,7)]. To study this relation, one 
should replot the data from Fig. 3, A and B, in 
the complex plane with axes defined by 3[y5)] 
and 9[x,!] [a Davidson-Cole (D-C) plot (3/)]. 
This is a classic technique in which departures 
of the data from the Debye model appear as geo- 
metric features that can reveal characteristics 
of the underlying physical mechanism linking 
Rl" (t,7)] and 3x '(¢, 7)]. 

We therefore plot AD(T) = D(T)—D, ver- 
sus oh En in Fig. 4B. It reveals that, in- 
stantaneously upon warming, the D-C plot is a 


symmetric elliptical curve, whereas after several 
thousand seconds, the response has evolved into 
the skewed D-C curve more familiar from studies 
of the dielectric glass transition (34). But the max- 
imum frequency shift expected from the maximum 
observed dissipation within the Debye suscepti- 
bility (vertical dashed lines) is again far too small. 
Moreover, no temperature equilibration lag be- 
tween the solid *He sample and the mixing cham- 
ber could generate the complex dynamics reported 
in Fig. 4 because, for any given frequency shift, a 
wide variety of different dissipations are observed 
[see supporting online material (SOM) text]. 

A simple superfluid transition is inconsistent 
with all these observations because there should 
be no synchronized dissipation peak associated 
with f(7) (Figs. 1 and 4) and no ultraslow dynam- 
ics in f(4,7) and D(t,7) (Figs. 2 and 3). Indeed, 
these phenomena are more reminiscent of the 
characteristics of a glass transition (34). Never- 
theless, a simple freeze-out of excitations described 
by a Debye susceptibility is also quantitatively 
inconsistent because the dissipation peak is far 
too small to explain the observed frequency shift 
(Fig. 4A). Thus, when considered in combina- 
tion with implications of the blocked annulus 
experiments (9, /6), our observations motivate a 
new hypothesis in which amorphous solid “He 
is a supersolid, but one whose superfluid phase- 
stiffness can be controlled by the freeze-out of 
an ensemble of excitations within the solid. 

Within such a model, generation of excita- 
tions at higher temperatures would suppress su- 
perfluid phase stiffness. The complex relaxation 
dynamics (Figs. 3 and 4) would reveal the excita- 
tion freeze-out processes. Further, the anomalously 
large frequency shifts (Fig. 4) would occur pre- 
dominantly because of superfluid phase stiffness 
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appearing after excitation freezing. Such a mod- 
el might also explain the diverse phenomenology 
of solid “He. For example, the m dependence of 
T* (13) would occur because 7* is the temper- 
ature for which 1(7*)m =1. The shear modulus 
stiffening (2/) would occur because of the freeze- 
out of motion of these excitations, and 7* would 
increase with *He concentration (8, 11) because, 
with pinning, higher temperatures would be re- 
quired to achieve the excitation rate 1(7*)@o = 1. 
Finally, sample-preparation effects (J0, 12) and 
different responses from different TO types would 
occur because the amorphousness allowing these 
excitations would depend on annealing and TO 
design. 

Independent of these hypotheses, important 
new features of solid “He are revealed here. We 
find synchronized ultraslow relaxation dynamics 
of dissipation D(T) and a component of frequency 
shift of f(T) in TOs containing amorphous solid 
4He (Fig. 3). Such phenomena are reminiscent 
of the glassy freeze-out of an ensemble of exci- 
tations and inconsistent with a simple superfluid 
transition. Nevertheless, although the evolutions 
of f(T) and D(T) are linked dynamically, the 
situation is also inconsistent with the simple ex- 
citation freezing transition because there is an 
anomalously large frequency shift (Fig. 4). One 
possible explanation is that solid “He is not a 
supersolid and that the appropriate rotational 
susceptibility model for its transition will be 
identified eventually. But if superfluidity is the 
correct interpretation of blocked annulus experi- 
ments (9, /6), then our results indicate that solid 
‘He supports an exotic supersolid in which the 
glassy freeze-out at 7* of an unknown excitation 
within the amorphous solid controls the super- 
fluid phase stiffness. Such a state could be desig- 
nated a “superglass.” 
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Competition for Light Causes Plant 
Biodiversity Loss After Eutrophication 


Yann Hautier,?* Pascal A. Niklaus,”? Andy Hector? 


Human activities have increased the availability of nutrients in terrestrial and aquatic ecosystems. 
In grasslands, this eutrophication causes loss of plant species diversity, but the mechanism of this 
loss has been difficult to determine. Using experimental grassland plant communities, we found 
that addition of light to the grassland understory prevented the loss of biodiversity caused by 
eutrophication. There was no detectable role for competition for soil resources in diversity loss. 
Thus, competition for light is a major mechanism of plant diversity loss after eutrophication and 
explains the particular threat of eutrophication to plant diversity. Our conclusions have 
implications for grassland management and conservation policy and underscore the need to 
control nutrient enrichment if plant diversity is to be preserved. 


of nutrient deposition in terrestrial ecosys- 
tems (5) show that increases in the avail- 
ability of nitrogen (5, 6), phosphorus (7), and 
other nutrients—both alone and in combination 
(/, 4)—usually increase primary productivity and 
decrease plant diversity. Given that anthropo- 
genic activity has doubled global phosphorus 
liberation and plant-available nitrogen during the 
past 50 years (8, 9), and that nutrient inputs are 
predicted to be one of the three major drivers of 
biodiversity loss this century (/0), understanding 
the mechanisms responsible for diversity loss after 
eutrophication will be important for the develop- 
ment of effective conservation policies (//). 
Most of the hypotheses proposed to explain 
the reduction in plant diversity after eutrophica- 
tion focus on changes in competition (/2—/5). 
Fertilization may increase the strength of compe- 
tition generally—that is, both above and below 
ground (/5)—or it could increase the strength of 
aboveground competition for light only: an asym- 
metric process due to the directional supply of this 
resource (/3, /4). The hypothesis of increased 
competition for light (/4) predicts that as produc- 


eee experiments (/—4) and studies 
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tivity increases, availability of light to plants in the 
understory is reduced, leading to their exclusion 
by faster-growing or taller species that preempt 
this directionally supplied resource (/6, 77). Sur- 
prisingly, 35 years after these alternative hypothe- 
ses were suggested, there is no consensus on the 
role of competition as a mechanism of plant di- 
versity loss after eutrophication (18, 19). 

To test whether diversity loss after eutrophi- 
cation is due to increased competition for light, 
we added light to the understory of fertilized 
grassland communities—a manipulation inspired 
by competition experiments with algae (20, 2/). 
A key advance of our approach relative to earlier 
work (22) is that it restores light to the species in 
the lower canopy that are thought to decrease in 
diversity as a result of deeper shading after the 
increase in aboveground productivity caused by 
eutrophication. We conducted a glasshouse exper- 
iment that combined addition of fertilizer and 
supplementary light in a fully factorial design. 
The 32 experimental plant communities were 
pregrown in the field for 4 years (23) before they 
were extracted with intact soil blocks and moved 
to the glasshouse. For generality, the communities 
comprised four different sets of six species (23) 
that had similar levels of diversity and, as we 
show, responded similarly to the experimental 
treatments. 

Light was added to the understory of each 
treated community using a system of three fluo- 


rescent tubes that were raised as the canopy grew 
(Fig. 1). Reflectors were placed above the fluo- 
rescent tubes to direct light into the understory 
and to prevent it from shining up onto the under- 
side of the leaves of the taller species. To keep 
conditions other than light and fertilization as 
similar as possible, we installed the same sys- 
tem of fluorescent tubes in communities without 
supplementary light, but in this case reflectors 
were placed above and below the tubes to form a 
closed chamber from which the light could not 
escape. With this system, we were able to exper- 
imentally manipulate light in the understory while 
holding other conditions (such as temperature) 
constant. Aboveground biomass was harvested 
twice a year during 2006 and 2007 to coincide 
with the cutting regimes typical of European 
meadows, and other key variables (including 
belowground biomass production, canopy height, 
availability of light in the understory, soil pH, and 
plant diversity) were regularly monitored (24). 

After 2 years of treatment, fertilization had 
increased net aboveground biomass production 
and decreased diversity (24). During the second 
year, fertilization significantly increased produc- 
tion from an average of 356 + 39 g m ~ (mean + 
SEM) per harvest in the control communities to 
450 + 39 gm ° in the fertilized treatment (Fig. 2A 
and table S1). The percentage of photosynthet- 
ically active radiation in the understory of the fer- 
tilized plots (5 + 4%) was significantly lower than 
for the controls (13 + 4%) (Fig. 2B). Notably, 
when increased production was accompanied by 
decreased light in the understory, fertilization sig- 
nificantly reduced species richness (Fig. 2C): On 
average, 2.6 species were lost in the fertilization 
treatment relative to the control, around one-third 
of the original species richness. This loss of diver- 
sity after eutrophication is consistent with longer- 
term field studies (/, 5). 

When applied together with fertilization, the 
additional understory light compensated for the 
increased shading caused by the greater above- 
ground biomass production and generated levels 
of understory light (12 + 4%) that were indistin- 
guishable from those in the control plots (13 + 
4%) (Fig. 2B and table S1). Supplementing under- 
story light in the fertilization treatment to levels 
similar to the control plots prevented the loss of 
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Fig. 1. Schematic representation of the experimental 
understory light addition. To save space, two open lights 
and one closed light are shown in the same experimental 
unit. The four treatment combinations were “control” 
(unfertilized, closed lights), “fertilization” (fertilized, closed 
lights), “light” (unfertilized, open lights), and “fertilization + 
light” (fertilized, open lights). For generality these four 
treatments were applied to four different plant communities, 
with each combination replicated twice (n = 4 x 4 x 2 = 32). 
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availability in the understory unless compen- 6 7 
sated by experimental illumination to levels 
comparable to control plots. (C) Species richness Control Fertilization Light Fertilization 
between 2006 and 2007. Fertilization signifi- + Light 
Treatment combination 


cantly reduced species richness unless prevented 


40 cm 


species and maintained comparable levels of di- 
versity (Fig. 2C). This result was general across 
the four different plant communities used in the 
experiment; the variance component for the dif- 
ferent species mixtures accounted for only 10% 
of the total of the summed variance components 
and was nonsignificant (likelihood ratio test: log 
likelihood = 1.05; y7 = 2.10; P = 0.15). By 
mitigating the loss of diversity caused by fer- 
tilization, this result supports the hypothesis that 
increased competition for light was the mecha- 
nism responsible for the decline in species rich- 
ness after eutrophication. 

Our communities experienced species turn- 
over that resulted from the loss of resident species 
and the gain of new species from the seed bank. 
As in several previous studies (25-27), the de- 
crease in diversity caused by fertilization was due 
mainly to a decline in the numbers of species 
gained (Fig. 3), from 3.2 in the controls to 1.6 in 
the fertilized plots (table S2). This result was also 
consistent across the four nonoverlapping com- 
munities used in our experiment: The variance 
component for the different species mixtures only 
accounted for 2.5% of the total of the summed 
variance components and was nonsignificant 
(likelihood ratio test: log likelihood = 0.81; y” = 


by the addition of supplementary light to the understory. Points denote treatment means, and the 
intervals show least significant differences (treatments with nonoverlapping intervals are 
significantly different at P = 0.05). 


1.61; P= 0.20). There was a marginally significant 
bias against the establishment of short-statured 
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© Species lost 
© Species gained 


Number of species gained or lost 
3 


Fertilization 
+ Light 


Control Fertilization Light 


Treatment combination 


Fig. 3. Species turnover. Decreased diversity in 
fertilized plots was mainly caused by reduced 
numbers of species gained. Results are shown 
as in Fig. 2. 


perennial grasses and forbs, but the overall 
response was not driven by particular species 
(24). 

Our understory light addition treatment also 
had consequences for ecosystem functioning. 
Net aboveground biomass production in the 
controls was limited by nutrients (although we 
cannot exclude light limitation of the taller 
species as well) because it was increased by 
fertilization (Fig. 2A and table S1). Without 
fertilization, the productivity of plants in the 
understory was not light-limited, because supple- 
mentary light had no effect when applied to 
unfertilized communities (Fig. 2A). However, 
the productivity of plants in the understory of the 
fertilization treatment was light-limited, because 
in fertilized communities the additional light 
increased average net aboveground production 
per harvest to 575 + 39 g m ° (Fig. 2A). These 
responses suggest colimitation of productivity 
by light and nutrients, where the taller species 
are nutrient-limited while understory species in 
the fertilization treatment are light-limited. More 
generally, our results suggest that productivity of 
the upper canopy and understory can be limited 
by different factors as a result of the directional 
supply of light. 

Species loss could be due to increased com- 
petition both above and below ground (/5). To 
address this possibility, in the second year of 
the glasshouse experiment we added seedlings 
of two species not originally present to the 32 
experimental communities to measure the strength 
of belowground competition. Transplanted seed- 
lings planted in plastic tubes to reduce below- 
ground competition were compared with seedlings 
exposed to full root competition. The results 
were consistent with competition for light as the 
main mechanism of diversity loss: When grown 
without root exclusion tubes (that is, with below- 
ground competition), seedling mortality (as a 
proportion) strongly increased with nutrient ad- 
dition from 0.29 to 0.87, but was comparable to 


) With belowground competition 
© Without belowground competition 


1.0 


0.6 


0.4 
° 


0.2 


Mortality of transplanted seedling (proportion) 


0.0 


T 


Control Fertilization Light Fertilization 


+ Light 
Treatment combination 


Fig. 4. Seedling mortality. Fertilization significant- 
ly increased seedling mortality. Removing below- 
ground competition had little impact on seedling 
mortality, which suggests that competition for soil 
resources plays no detectable role in diversity loss. 
Results are shown as in Fig. 2. 


control plots when fertilization occurred together 
with understory lighting (Fig. 4 and table S3A). 
The results provided no support for a role of 
belowground competition in the loss of bio- 
diversity (table S4): Removing belowground com- 
petition from fertilized plots had no detectable 
impact on seedling mortality (table S3B) or seed- 
ling biomass (change in biomass = 0.3 g, 95% 
confidence interval = —1.0 to 1.4). 

Although other processes can also contrib- 
ute to diversity loss, there was no evidence that 
they were important in our study. Fertilization 
can reduce grassland diversity through acidifi- 
cation (2) or through the accumulation of plant 
litter (25, 26, 28, 29). However, we found no 
detectable differences in pH after fertilization 
(fig. S1 and table S5). There was also little 
buildup of litter during our experiment, which 
suggests that the negative effects of increased 
aboveground productivity might have strengthened 
in the longer term if litter accumulation had 
occurred. 

Together, our results are consistent with 
increased competition for light as a major 
mechanism of diversity loss after eutrophica- 
tion of grassland communities. Fertilization in- 
creased productivity and canopy height, and led 
to reduced light in the understory. In turn, this 
led to a reduction in diversity, particularly of 
low-statured perennial grasses and forbs, mainly 
through reduced recruitment. Other mechanisms 
also cause loss of plant diversity, but they 
played no detectable role in our case. Supple- 
menting levels of understory light in fertilized 
communities reduced competition for light, 
sustained seedling establishment, and maintained 
plant diversity despite the additional nutrient 
inputs. 

Some earlier studies (30) have demonstrated 
the importance of competition for light in- 
directly by tying back the vegetation. Our results 


advance a long-running debate in community 
ecology by providing a direct experimental 
demonstration of the importance of asymmetric 
competition for light as a mechanism of plant 
diversity loss. More generally, our work explains 
and emphasizes the need to develop conserva- 
tion policies and management procedures that 
prevent eutrophication if biodiversity is to be 
conserved. 
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y-Secretase Heterogeneity in 
the Aph1 Subunit: Relevance for 
Alzheimer's Disease 
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The y-secretase complex plays a role in Alzheimer’s disease and cancer progression. The 
development of clinically useful inhibitors, however, is complicated by the role of the y-secretase 
complex in regulated intramembrane proteolysis of Notch and other essential proteins. Different 
y-secretase complexes containing different Presenilin or Aph1 protein subunits are present in 
various tissues. Here we show that these complexes have heterogeneous biochemical and 
physiological properties. Specific inactivation of the Aph1B y-secretase in a mouse Alzheimer’s 
disease model led to improvements of Alzheimer’s disease—relevant phenotypic features without 
any Notch-related side effects. The Aph1B complex contributes to total y-secretase activity in the 
human brain, and thus specific targeting of Aph1B-containing y-secretase complexes may help 
generate less toxic therapies for Alzheimer’s disease. 


final cleavage of the amyloid precursor pro- 

tein (APP), causing release of the AB pep- 
tide that accumulates in the amyloid plaques 
characteristic for Alzheimer’s disease (AD) (/). 
The same activity cleaves Notch, N-Cadherin, 
and other important signaling molecules. y- 
Secretase activity is mediated by a multiprotein 
complex consisting of Presenilin (PS), Aph1, 


“V ina activity is responsible for the 


Pen2, and Nicastrin (NCT) (2). Two presenilin 
(PSI and PS2) genes and two APH] (APHIA 
and APH1B) genes, which are alternatively spliced, 
contribute to the heterogeneity of the complexes 
(3, 4). The AphlA complexes are crucial for 
Notch signaling during embryogenesis (5, 6), 
although functional analysis of APH1B (~58% 
homologous to APH1A) is complicated because 
of the rodent-specific duplication of the gene 
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(AphIC). The combined inactivation of Aph1B 
and AphIC (4phIBC “ ) does not result in any 
overt phenotype, although disruption of Nrg1 
cleavage in the brain of AphIBC ’ mice (7) 
results in behavioral changes that are very sim- 
ilar to the ones observed in B-secretase—deficient 
(Bacel) mice (8). 

To evaluate the specific biochemical proper- 
ties of the different Aph1 subunits, we rescued 
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Fig. 1. Aph1B y-secretase complexes are func- A B 

tional and structurally distinct relative to the Aph1A V, nMAICD / min o AphtA, 

y-secretase complexes. (A and B) Immunoblot anal- eeu © Aph1B 

ysis of microsomal fractions of Aph1ABC** and , = = & I ° 8 

Aph1ABC~~ MEFs rescued with the indicated Aph1 a y yh xt 2 4 

isoforms demonstrates that both complexes perform ¥§¥s¥ ¥ s ey : 5 . 

e€ cleavage of APP and Notch substrate. Specificity fesse s 

of the reaction was validated with a y-secretase Sees? ; MeanSD __AphtA, _—_ Apt 

inhibitor (y~: 10 uM L-685,458). (B) The velocity, or NICD — ——— ee ee. ean 

amount of AICD generated after 3 hours, was plotted oe 

against C99-3flag concentrations. The kinetics of MeO eee 05 10 15 20 25 

AICD fit a Michaelis-Menten plot with positive co- [e9e-stlag], uM 

operation (Hill factor of cooperativity h = 2) equa- C xgxvey D 

tion. Apparent V,,,x and Ky values for AICD were x EES 

statistically indistinguishable (mean + SD, n = 5 = oF oe oe ee AB 1 / total AB, % ar eerie 

independent experiments). (C and D) Urea—SDS- = s g £ & & s 0008 ol oH re 

PAGE (polyacrylamide gel electrophoresis) of solubi- & = a = = = = 305 0.001 * = +Aph18 

lized Aph1B y-secretase complexes from MEFs results o. FX Ss SL 404 7 

in more long (AB,+42) and fewer short (ABy-<40) C99-3flag— aereae o:0e0 

AB species (mean + SD, n = 3, P< 0.05 to 0.01). re 305 0.031 0.006 0.028 

(E) Aph1ABC~” MEFs reconstituted with Aph1A, . 7 - i 20 0.039 gee 

or Aph1B were cotransfected with wild-type human 2 8 qnasgibes an 7 a 

PS1 cDNA, and Alexa488 lifetimes were measured are 105 

in the absence or presence of fluorescence reso- ~~ o~eaene ] 

nance energy transfer; Aph1B y-secretase displays a a2 — AB, 37 38 40 42 45 >46 

significantly shorter life time (mean + SD; the 

number of cells counted in three to four indepen- 

dent transfections is indicated in parentheses, P< Donor A488 AcceptorCy3 _Life time A488 (psec) Mean + SD 

0.01), implying a closer proximity between the AphlA AphiB Aph1B 

donor and acceptor as schematically represented. ae ye nie eH oH 1303 + 200** (28) ——. 
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triple-deficient Aph1A “ BC’ (Aph1ABC’ ) 
mouse embryonic fibroblasts (MEFs) with a single 
Aph1 homolog (4ph1A_, Aph1As, Aph1B, Aph1C). 
All Aph1 homologs restored complex formation 
as evaluated by Blue Native polyacrylamide gel 
electrophoresis (fig. S1). Their activity was mea- 
sured in vitro with the recombinant substrates 
APPC99-3flag and NotchAE. All complexes sup- 
ported AICD (APP intracellular domain) and 
NICD (Notch intracellular domain) production 
[e cleavage (9)] in vitro (Fig. 1A), and the kinetic 
parameters K,, (the Michaelis constant) and Vinax 
(the maximum rate of reaction) for AICD pro- 
duction were similar for the Aphl A; and Aph1B 
y-secretase complexes (Fig. 1B). Thus, the “phys- 
iological” e-cleavage was maintained. However, 
the Aph1B or AphIC y-secretase complexes 
produced a greater proportion of longer AB pep- 


Fig. 2. Deletion of A 
Aph1BC abolishes age- 
dependent increase in 
AB abundance in the 
brain and rescues learn- 
ing and memory deficits. 
(A and B) Decreased am- 
yloid burden was evident 
in APPPS1™°:Aph1BC 
mice at 9 months of age 
(representative sections 
shown, measured by 
quantitative stereology C 
(n = 5, P < 0.01, abso- 
lute amyloid load per 
unit volume, P < 0.01). 
(C and D) Though the 
use of AB,.ao- and AB,.42- 
specific enzyme-linked 
immunosorbent assay, 
AB abundance in the hip- 
pocampus was measured 
and normalized to total 
protein content. Accu- 
mulation of AB,.49 and 
AB,.q2 was rescued in E 
APPPS1*” and APPPS1** 
mice (n = 5, P < 0.05). 
(E) Purification of the y- 
secretase complexes from 
APPPS1*’?;Aph1BC*!* 
and APPPS1*°: Aph1BC* 
brains with the same PS1- 
specific antibody, followed 
by an in vitro activity assay 
for AICD and Af pro- 2 
duction, resulted in a 
quantitative decrease in 
APPPS1*’°:Aph1BC— 
mouse brain y-secretase 
activity (56 + 1%) and a 


ng AB/mg 
total protein 
20 


o 


6 months 


Average path Length 
2000: 


1000: 


Time <0,.0001 


Genotype 0,005 
Interaction 0.0015 


statistically significant qualitative shift in the pattern of AB produced (n = 4, P< 
0.01). (F) At a young age (median 6.5 months; range 4.8 to 7.6), learning, as measured 
by decreasing path length, occurred in all genotypes, except APPPS1~*:Aph1BC** 
(mean + SEM: genotype effect P < 0.01; genotype x time interaction P < 0.01). This 
deficit was significantly improved in the APPPS1*;Aph1BC~ mice (P < 0.05). (G) 
Retraining of the same mice at 11 months of age (median 10.7 months; range 9.2 to 
12.2 months) showed that APPPS1*°-Aph1BC"* mice were significantly worse 


: 30 

20 

0 
AB 40 AB42 Ap 40 Ap 42 


Acquisition training G 
(7 months) 


Day of training 


tide species (ABj42, ABj-45, ABi-46, and ABj-49,) 
relative to shorter AB peptides (AB 1-37, AB,-3g, and 
AB 40) (Fig. 1, C and D, and fig. S1). In an addi- 
tional independent assay, specific y-secretase 
pools were prepared from wild-type mouse brain 
by immunoprecipitation with AphlA;-, Aph1B-, 
or PS1-specific antibodies or preimmune serum. 
The immunoprecipitates were assessed for y- 
secretase activity in both the depleted (unbound) 
and enriched (bound) fractions (fig. S2). Com- 
parison of the AB spectra generated confirmed 
that production of longer AB species was pro- 
portionately higher in Aph1B- versus AphlA,- 
containing immunoprecipitates. The opposite trend 
was observed in the depleted fractions (unbound). 
Given that changes in the relative ratio of secreted 
AB,42 to ABj40 are believed to be important for 
AD progression (/0), we determined the ABy-42/1-40 
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i +/0 ; -/- total protein 
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ratio in culture supernatants of fibroblasts and 
primary neurons in vitro and in hippocampal and 
cortical extracts from AphIBC’ mice in vivo. 
The AB, _42/-49 ratio was maintained between the 
genotypes (table S1), confirming that Aph1B 
does not influence this pathological parameter 
directly (//). However, we observed a significant 
reduction in total AB peptide production in brain 
extracts from AphIBC ’ mice, demonstrating the 
important contribution of the Aph1B complex to 
total y-secretase activity in the mouse brain. 

We then investigated whether the structural 
heterogeneity deduced from the in vitro assays 
was preserved in intact cells. Fluorescent lifetime 
imaging microscopy (/2) measures the proximity 
between fluorophores attached to different do- 
mains of a molecule and can detect conforma- 
tional alterations in the y-secretase complex (/2). 
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than APPPS1*”°-Aph1BC~~ mice in finding the hidden platform during all re- 
training days (two-way repeated measures analysis of variance between APPPS1*” 
genotypes: genotype effect P < 0.01). (H) Probe trial results confirm that Aph1BC 
deletion prevents spatial memory deficits in hemizygous APPPS1~°-Aph1BC"* 
mice (percent time spent in target quadrant Tg, adjacent quadrants Ag,-Ag2, and 
opposite quadrant Og, P < 0.05; vertical comparison bars: ¢ test with hypothetical 
mean 25% or chance level, P < 0.001). 
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The lifetime of the donor fluorophore at the PS1 
N terminus was shortened by the presence of an 
acceptor fluorophore at an internal loop or at the 
C terminus, demonstrating that the fluorophores 
are in close vicinity. Complexes containing only 
Aph1B consistently demonstrated a significantly 
shorter lifetime than Aph1 A-containing complexes 
(Fig. 1E). The shorter lifetime indicates a more 


milder) in effect to that of long-form AB-enhancing 
familial Alzheimer's disease (FAD)-associated 
presenilin mutations (/2). Thus, the Aph1 compo- 
nent of the y-secretase complex has a notable effect 
on the conformation of the PS1 subunit in situ. 
To determine whether specifically targeting 
Aph1B/C complexes alters the phenotype of a 
mouse AD model overexpressing both mutated 


“closed” conformation of PS1 and is similar (but | APP (APP?"°-KM670/671NL) and PS/ (PS1- 
Fig. 3. Absence of Notche- A B Cc 

signaling defects in AphIBC* ells x 10° Cells, % Cells, % 

mice and expression of Aph1B/C ° 5 . 

in neurons of the adult mouse a 20 

brain. (Ato ©) SensitiveT and “© - 50 te om 

B cell populations in the  * aa se 
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(n = 3). (D) CD4*/cD8* 
ratios of peripheral T lym- 
phocytes were identical in 
both APPPS1°° (Aph1BC*: 
n=3;Aph1BC"*:n = 4) and 
APPPS1™° mice (Aph1BC*: 
N=8; Aph1BC**: n = 7). (E) 
Intestinal mucosal and (F) 
pancreas morphology, eval- 
uated in a blind study, was 
identical in both genotypes 
(n = 3; hematoxylin and 
eosin and periodic acid— 
Schiff; representative sec- 
tions). (G and H, J to L ). 
High-power dark-field mi- 
crographs of hippocampal 
region (CA1) hybridized 
with the indicated antisense 
probes demonstrate that 
Aph1B/C expression is re- 
stricted to the pyramidal 
cell layer of the CA1 region 
and neuronal cell layers of 
cerebral cortex (layer VI) 
(G). Notch1 is predom- 
inantly expressed in non- 
neuronal layers containing 
mainly glial cells (H). Apbh1A 
is widely expressed in both 
neuronal- and glia-enriched 
regions (J). Notch1 expres- 
sion is generally low and 
partially overlaps with the 
nonneuronal markers GFAP 
(glial fibrillary acidic pro- 
tein) (astrocytes) (K) and 
C1q (microglia, perivascular 
macrophages) (L). Hippo- 
campal and cortical layers 
are identified by bright-field 
photography of section de- 
picted in (I). Vi: lamina six 
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L166P) from a single locus (“4PPPS1”) (13), we 
crossed APPPS/ mice with AphIBC* mice. We 
analyzed mice that were either homozygous or 
hemizygous for the APPPS/ locus and homozy- 
gous for the Aph1BC locus. At 9 months of age, 
APPPS1"°:AphI BC" mice displayed a massive 
amyloid burden, which was significantly lowered 
in APPPSI”°:AphIBC’ mice (Fig. 2, A and B). 
In hippocampal extracts, we observed a signifi- 
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of parietal cortex; cc: corpus callosum; alv: alveus of the hippocampus (astrocytes); Or: stratum oriens of the CA1 region; Py: contains typical pyramidal neurons; Rad: stratum 
radiatum (glia); LMol: stratum lacunosum molecolare (glia). 
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cant decrease in ABx.49 and AB,.42 accumulation 
in AphIBC mice (Fig. 2, C and D). 

We also evaluated the functional consequence 
of AphIBC deletion. Homozygous APPPSI™*; 
AphIBC'* mice were underrepresented in the 
breeding program, probably owing to a perinatal 
mortality associated with APPPS/ homozygosity 
(14-16). Mendelian ratios were restored in the 
AphIBC' background (fig. S3). The animals 
also displayed abnormal cage activity (/7), which 
improved with AphIBC deficiency (fig. S4). 
Seven-month-old APPPSI homozygous mice 
displayed a profound acquisition deficit in the 
Morris water maze test for spatial learning and 
memory and were unable to improve any per- 
formance measure by training (Fig. 2F). No overt 
genotypic effect on swimming velocity was ob- 
served, and visual-evoked potentials, motor coor- 
dination, and exploratory and locomotor abilities 
were normal in all genotypes. Deletion of Aph1BC 
prevented the leaming deficit in APPPSI”* mice. 
Seven-month-old hemizygous APPPSI"”° mice 
that were either AphIBC'* or AphIBC™ dis- 
played acquisition (Fig. 2F) and probe trial per- 
formance similar to those of control mice. 
Retraining at 11 months of age showed that 
APPPS1"°:Aph1BC* mice had largely retained 
their (procedural) ability to find the hidden plat- 
form but performed worse than controls during all 
retraining days. APPPSI"°:AphIBC’ mice per- 
formed slightly better than APPPSI“”°AphIBC”™* 
mice, throughout the retraining (Fig. 2G). 
APPPSI;Aph1BC ‘~ mice still displayed nor- 
mal spatial memory, whereas their A4phIBC* 
counterparts failed to show any preference for the 
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Fig. 4. Aph1B y-secretase contributes to AB pro- 
duction in human brain. Different pools of y-secretase 
were prepared from microsomal membranes of hu- 
man brain tissue by immunoprecipitation with pre- 
immune serum (Co serum), or with PS1-, Aph1B-, or 
Aph1A,-specific antibody. y-Secretase activity was 
then measured in vitro. Production of AICD and AB 
species was measured by SDS-PAGE or urea—SDS- 
PAGE and specific antibodies. Comparison of the 
Aph1A, and Aph1B precipitated pools reveals a sta- 
tistically significant shift in the pattern of AB produc- 
tion (mean + SD, n = 3, P< 0.05 to 0.01). Aph1A, 
immunoprecipitate is less active, and four times as 
much sample was loaded. y~: 10 uM y-secretase 
inhibitor L-685,458. 


target quadrant (Fig. 2H). Thus, A4ph1BC deletion 
considerably improves the AD-like phenotype of 
an AD mouse model. 

AphIBC deficiency had little effect on the 
health of mice. Extensive behavioral and neuro- 
chemical testing revealed only a mild disturbance 
in prepulse inhibition, which is extremely mild in 
comparison to the effect of y-secretase inhibition 
on Notch-dependent processes (7) (Fig. 3). 
Aph1BC deficiency did not affect B or T cell 
maturation in thymus or spleen, nor did it alter 
steady-state CD4*/CD8" ratios (/8, 19). The in- 
testinal and pancreatic morphology was also un- 
affected in AphIBC ‘ mice (8, 20). Finally, 
expression of Notch/ and its target genes (HES/, 
HESS, and ACSL1) (21, 22), which are directly 
or indirectly dependent on y-secretase activity, were 
similar in hippocampi of APPPSI‘”°:Aph1BC’ and 
APPPSI™-AphIBC’ mice (fig. S5). We further 
investigated expression of the Aph/ genes in hip- 
pocampi, pancreas, spleen, gut, and thymus (fig. 
S6). Expression of Aph/B mRNA is relatively 
high in the hippocampus and pancreas. In situ 
hybridization experiments with brain tissue sec- 
tions confirmed the neuronal Aph/B expression in 
regions relevant for AD (7) (Fig. 3 and fig. S6), 
whereas Notch] mRNA signal is predominantly 
expressed in nonneuronal and neuronal precursor 
cells and overlapped appreciably with Aph1A, but 
not Aph1B, expression (Fig. 3). Therefore, the 
complete ablation of a y-secretase subunit can be 
generated in an adult mouse without any Notch- 
related phenotypes (23). 

The extent to which the APH1B y-secretase 
complex contributes to AB production in the 
human brain is unknown. Specific y-secretase 
pools were prepared from the human brain as 
described above with AphlA;-, Aph1B-, and 
PS1-specific antibodies or preimmune serum, 
and then both the depleted (unbound) as well as 
the enriched (bound) fractions were used for in 
vitro cleavage assays (Fig. 4 and fig. S7). Deple- 
tion of APH1B y-secretase from the endogenous 
pool of human brain complexes decreased AICD 
and Af production considerably. Conversely, the 
isolated APH1B y-secretase complex was active 
(Fig. 4). APH1B y-secretase complexes (APH1B- 
bound) are a major contributor to total y-secretase 
activity (PS1-bound) in the human brain. Further- 
more, similar changes were observed in the AB 
peptide spectrum generated in vitro as seen in the 
mouse system. 

Here we provide evidence that the Aph1 pro- 
tein contributes directly to the proteolytic activity 
of the y-secretase complex by influencing the 
conformation of the catalytic PS1 subunit in situ. 
Targeting specifically the Aph1 B-containing com- 
plexes results in notable improvements of multiple 
severe AD-related phenotypes in a mouse model. 
The lack of Notch-related side effects should be 
compared with what was observed in other full 
and partial knockouts of y-secretase subunits 
[summarized in (23)]. A 50% reduction in y- 
secretase activity in Nct'’ heterozygous mice is 
associated with severe Notch side effects (24). 


By contrast, we have observed here the complete 
removal of a y-secretase complex component 
without Notch-related problems and with effi- 
cient reduction of the amyloid pathology in the 
mouse brain. Because the APHIB y-secretase 
complex is present and active in the human brain, 
the selective inhibition of this complex has the po- 
tential to translate into an approach to reduce AB 
peptide production in human AD with relatively 
few side effects. Our work has also implications for 
other fields, as y-secretase is, for instance, involved 
in hematopoietic and other cancers. It might be 
important to analyze the role of the different 
complexes in these different diseases as well (25). 
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Burst Spiking of a Single Cortical 
Neuron Modifies Global Brain State 


Cheng-yu T. Li,”’? Mu-ming Poo,” Yang Dan?’2* 


Different global patterns of brain activity are associated with distinct arousal and behavioral 

states of an animal, but how the brain rapidly switches between different states remains unclear. We 
here report that repetitive high-frequency burst spiking of a single rat cortical neuron could trigger a 
switch between the cortical states resembling slow-wave and rapid—eye-movement sleep. This is 
reflected in the switching of the membrane potential of the stimulated neuron from slow 
UP/DOWN oscillations to a persistent-UP state or vice versa, with concurrent changes in the temporal 
pattern of cortical local field potential (LFP) recorded several millimeters away. These results point to 
the power of single cortical neurons in modulating the behavioral state of an animal. 


ifferent behavioral states of the animal 
D«= characterized by distinct patterns of 

global brain activity. For example, slow- 
wave sleep is associated with slow oscillations, 
with UP-DOWN membrane potential transi- 
tions in cortical neurons and high-amplitude, 
low-frequency local field potential (LFP) and 
electroencephalogram (EEG) signals (/—6). In 
contrast, low-amplitude high-frequency corti- 
cal activity prevails during rapid—eye-movement 
(REM) sleep and wakefulness, with neuronal 
membrane potentials fluctuating around a de- 
polarized level (3). In recent years, significant 
progress has been made in identifying the neu- 
romodulatory circuits in the hypothalamus, brain 
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Fig. 1. UP/DOWN and persistent-UP states observed in simultaneous whole- 
cell and LFP recordings in rat cortex. (A) (left) Schematic illustration of 
recording configuration. Whole-cell and LFP electrodes were separated by 0.3 
to 6 mm. (Right) A whole-cell recorded pyramidal neuron in somatosensory 
cortex. (B) UP/DOWN (left) and persistent-UP (right) states observed in a visual 
cortical neuron. (C) LFP recorded 2 mm from the patch recording in (B). (D) 
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stem, and basal forebrain that are involved in 
regulating the global brain state (7—/2). However, 
the role of cortical neurons in this regulation re- 
mains unclear. Inspired by recent findings that 
activation of a single cortical neuron can signifi- 
cantly modulate sensory perception and motor out- 
put (/3, /4), we set out to test whether single neuron 
stimulation can modify the global brain state. 
Whole-cell patch recordings were made from 
the superficial layers of visual or somatosensory 
cortex of urethane-anesthetized adult rats (/5) 
(Fig. 1A and fig. S1A). We routinely observed 
two types of spontaneous activity: The mem- 
brane potential (£,,) exhibited either a bimodal 
distribution with UP/DOWN transitions at ~1 Hz 
(Fig. 1, B and D, left, hereafter referred to as 
“UP/DOWN” state) or a unimodal distribution 
with high-frequency fluctuations around a de- 
polarized level (right, “persistent-UP”’ state). 
Each of these states observed in a single cell cor- 
responded to a distinct pattern of LFP, recorded 
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simultaneously in a cortical region 0.3 to 6 mm 
from the patch electrode (Fig. 1A). UP/DOWN 
Em transitions were highly correlated with high- 
amplitude slow LFP deflections (/—3, /6) (Fig. 
1C, left), whereas the persistent-UP state of the 
single neuron was accompanied by low-amplitude, 
fast-LFP fluctuations (3, /6) (right). The power 
spectra of these LFP signals (Fig. 1E) showed a 
prominent difference at low frequencies (0.5 to 
4 Hz). Thus, the UP/DOWN and persistent-UP 
states of single neurons reflect distinct global cor- 
tical states, which resemble slow-wave and REM 
sleep, respectively (4, 16, 17). 

High-frequency burst spiking of the patched 
neuron induced by depolarizing current injections 
(350 to 600 ms per step, 30 to 40 steps with 4- to 
4.5-s intervals, or 8 ms per pulse, 5 to 15 pulses 
per burst, 40 to 80 bursts with 2- to 2.5-s intervals) 
could trigger a switch between these cortical states. 
In the example in Fig. 2A, the recorded visual 
cortical neuron was in stable UP/DOWN state 
(exhibiting bimodal £,, distribution) for >20 min. 
Repeated burst spiking at 50 Hz (for ~3 min) (/5) 
caused a switch from the UP/DOWN to persistent- 
UP state (exhibiting unimodal £,, distribution), 
which lasted through the duration of recording 
(~30 min). Concurrent with the change in E,, 
distribution of the patched neuron, there was a 
marked reduction of low-frequency signals in the 
LFP recorded ~1 mm away (Fig. 2B), indicating 
a switch from the cortical state characteristic of 
slow-wave sleep to that of REM sleep (/7). In 
another example (Fig. 2, D and E), LFP was 
recorded ~5 mm from the patch electrode. In this 
case, both the single neuron £,, and the LFP 
reverted to their original patterns after ~S5 min. A 
third example is shown in fig. S1, where burst 
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Distributions of membrane potentials (E,,) during UP/DOWN (left) and 
persistent-UP (right) states. Data are from three cells (marked by different 
colors). (E) LFP power spectra from the same experiments as in (D), each 
normalized by the mean power at 0.5 to 1.5 Hz during UP/DOWN state. (Insets) 
Power spectra on log-log scales. Gray shadings, low and high frequency ranges 
for computing L/H power ratio. 
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spiking of a somatosensory cortical neuron 
changed the global cortical state, as revealed by 
both LFP and EEG recordings. Single-neuron 
burst spiking also induced a similar switch of 
cortical state under isoflurane anesthesia (fig. 
82), which indicated that the effect is not specific 
to urethane anesthesia. 

The high-frequency bursts of a single neuron 
could also cause a switch in the opposite direction, 
from the persistent-UP to UP/DOWN state. In the 


Fig. 2. Switch from UP/ A 
DOWN to persistent-UP 
state induced by single- 
neuron burst spiking. (A) 
State switch indicated by 
change from bimodal to 
unimodal £,, distribution 
(color coded, computed in 
20-s windows). Blue bar, 
burst spiking period. Insets 
above, sample whole-cell 
recording traces during 
periods marked by arrows. 
(B) State switch indicated 
by change in LFP power 
spectrum (color coded, log 
scale, computed in 20-s 
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windows) recorded ~1 mm 
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example shown in Fig. 3, A and B, the cortex was 
in the persistent-UP state for >10 min, as indicated 
by both the unimodal £,, distribution (Fig. 3A) 
and low-amplitude, fast LFP fluctuations (Fig. 
3B). Repetitive burst spiking of the patched neuron 
caused a switch into the UP/DOWN state, with 
bimodal £,, distribution (Fig. 3A) and high- 
amplitude, slow LFP deflections (Fig. 3B) that 
lasted for >20 min. But in another example of 
burst-induced switch from the persistent-UP to 
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UP/DOWN state (Fig. 3, D and E), the cortex 
spontaneously reverted to the persistent-UP state 
after ~3 min. 

To quantify the burst-induced changes in cor- 
tical state, we computed the ratio between LFP 
power in the ranges of 0.5 to 4 Hz and 20 to 60 Hz 
(referred to as “L/H power ratio”) (75). As shown 
in Figs. 2, C and F, and 3, C and F, marked in- 
crease or decrease of L/H power ratio was found 
after single-neuron burst spiking. To determine 
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these lines was used to measure burst-induced L/H ratio change. (D to F) Similar to (A to C), from another experiment; LFP was recorded ~5 mm from the patch electrode. 
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state induced by single- 
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Fig. 4. Time course 
and frequency depen- 
dence of the switch of 
cortical state. (A) Aver- 
age LFP L/H power ratio 
for 15 out of 38 experi- 
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ments with significant 
ratio changes induced by 
spiking at 50 to 100 Hz 
[solid symbols in (C)]. 
(Top) Average of nine 
experiments showing 
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significant UP/DOWN to 
persistent-UP transitions; 
(bottom), average of six 
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experiments showing persistent-UP to UP/DOWN transitions. L/H ratio of each 
experiment was normalized by its mean before spiking. Error bar, +SEM. (B) 
Distributions of time for spiking-induced switch (top) and spontaneous reversal 
(bottom) for the same 15 experiments as in (A). Gray stripe, burst spiking period. 
(©) IZ scorel for burst-induced LFP L/H ratio change versus burst frequency. Each 
point represents one experiment performed on one whole-cell recorded neuron in 
visual (circle) or somatosensory (square) cortex. Solid symbols, experiments with 


whether in each experiment the observed change 
in L/H ratio over the ~3-min spiking period could 
be explained by a spontaneous change of the 
cortical state, we used the control period of 10 to 
30 min before burst spiking to estimate the spon- 
taneous variation of L/H ratio over each 3-min 
interval. The burst-induced change was com- 
pared with the distribution of this spontaneous 
variation to determine its statistical significance. 
We found significant changes in LFP L/H ratio 
(P < 0.05) after evoking high-frequency bursts 
(50 to 100 Hz, 200 to 1000 spikes total) in single 
neurons in 15 out of 38 experiments (Fig. 4A, 
nine from UP/DOWN to persistent-UP state and 
six in the opposite direction, with each experiment 
performed on a different neuron). In these 15 ex- 
periments, the abrupt change indicative of cortical 
state switch often occurred during the period of 
burst spiking [(Fig. 4B, top), 2.0 + 0.8 min after 
burst onset, mean + SD]. On the other hand, the 
time for spontaneous reversal to the original state 
showed large variations [(Fig. 4B, bottom), data 
from the same 15 experiments], with 4 out of 15 
cases showing no reversal within the 30-min 
recording after burst spiking. 

We next examined the dependence of the cor- 
tical state switch on burst frequency by varying the 
spike frequency within each burst from 0 to 100 
Hz. In 32 control experiments, in which no spiking 
was evoked during a 3-min “sham period” (0 Hz, 
20 to 23 min after establishing whole-cell record- 
ing), we found only one case with significant L/H 
ratio change (P < 0.05). At a burst frequency of 5 
Hz, only 2 out of 12 cases showed significant ratio 
change. However, between 25 and 100 Hz, ~40% 
(6 out of 13 at 25 Hz and 15 out of 38 at 50 to 100 
Hz) of the cases showed significant changes (Fig. 
4C). Thus, the switch of cortical states by single 
neurons requires high-frequency bursting. 

Slow oscillations have been shown to be ini- 
tiated in deep layers of the cortex (/8—20). In this 
study, most of the stimulated neurons appeared 
to be excitatory neurons in superficial layers, as 
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judged by their spiking patterns when current 
was injected (Figs. 2, A and D, and 3, A and D), 
depths of the recording electrodes (in most cases 
<500 um from pia), and histological reconstruc- 
tion of a subset of recorded neurons (Fig. 1A and 
fig. S1A). Each of these neurons is likely to proj- 
ect to several thousand cortical neurons (2/), and 
a small percentage of these connections may be 
strong enough to trigger postsynaptic spiking 
(22, 23) and to activate a local network (24). The 
high-frequency bursts required for triggering 
the state switch (Fig. 4C) could further enhance 
the effect of single neuron spiking through tem- 
poral summation of postsynaptic potentials and 
short-term synaptic facilitation (25), e.g., those 
found at excitatory synapses onto Martinotti cells 
(26). Given the extensive connections from layer 
2/3 to layer 5 (21), the spiking activity in layer 2/3 
may strongly modulate the dynamics in deep cor- 
tical layers, which results in either initiation or 
termination of slow oscillations. Such local ac- 
tivity modulation may spread globally through 
either cortico-cortical connections or the thalamo- 
cortico-reticular loop (4, 27). In addition, the tran- 
sitions between slow-wave sleep, REM sleep, and 
awake cortical states are known to be regulated by 
neuromodulatory systems in the hypothalamus, 
brainstem, and basal forebrain (4, 8—/2, 28, 29), 
which project diffusely to the thalamus and cortex 
and are capable of triggering synchronous state 
changes across multiple brain areas. Thus, the 
switch of global brain states induced by cortical 
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significant ratio changes (P < 0.05); “O Hz,” control experiments with no spiking 
during the 3-min sham period. Compared with “O Hz,” Z-score distribution was 
significantly different for 25 Hz (P = 0.010, two-sample Kolmogorov-Smirnov test) 
and 50 to 100 Hz (P = 0.0014) but not for 5 Hz (P = 0.20). Probability of burst- 
induced transition (percentage of solid symbols) is significantly higher for 25 Hz 
[46%, P < 0.001, bootstrap (75)] and 50 to 100 Hz (39%, P < 0.001), but not for 


puts will help elucidate the mechanisms underlying 
the switches among different brain states. 

Previous studies have shown that stimulation 
ofa single motor cortical neuron can evoke whisk- 
er movement (/3) and that spiking of a single 
somatosensory cortical neuron can induce behay- 
iorally reportable effect (/4). Our study showed 
that burst spiking of a single neuron can trigger a 
switch in the global brain state, which further 
underscores the functional importance of indi- 
vidual neuronal activity. 
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Self-Control in Decision-Making 
Involves Modulation of the vmPFC 


Valuation System 


Todd A. Hare,** Colin F. Camerer,”’? Antonio Rangel”? 


Every day, individuals make dozens of choices between an alternative with higher overall value and a 
more tempting but ultimately inferior option. Optimal decision-making requires self-control. We propose 
two hypotheses about the neurobiology of self-control: (i) Goal-directed decisions have their basis in a 
common value signal encoded in ventromedial prefrontal cortex (vmPFC), and (ii) exercising self-control 
involves the modulation of this value signal by dorsolateral prefrontal cortex (DLPFC). We used functional 
magnetic resonance imaging to monitor brain activity while dieters engaged in real decisions about 
food consumption. Activity in vmPFC was correlated with goal values regardless of the amount of 
self-control. It incorporated both taste and health in self-controllers but only taste in non—self-controllers. 
Activity in DLPFC increased when subjects exercised self-control and correlated with activity in vmPFC. 


he concept of self-control in decision- 

| making has occupied philosophers and sci- 
entists throughout recorded history because 

the ability to exercise it is central to human success 
and well-being. Behavioral studies have examined 
the problem of self-control and provided valuable 
insights that suggest it is exhaustible in the short 
term (/—3), can be enhanced by cognitive strat- 
egies (4-7), and is correlated with measures of 
intelligence (S—/0). However, little is known about 
the neurobiological underpinnings of self-control 
and how these neural mechanisms might differ be- 
tween successful and unsuccessful self-controllers. 
We investigated which neural processes are 
responsible for the deployment of self-control and 
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Fig. 1. (A) The task proceeded in three parts: taste ratings, health ratings, and 
decisions. (B) Percentage of the time participants chose the food over the 
reference item. The SC group chose not to eat liked-unhealthy food items more 


how these processes interact with the brain’s val- 
uation and decision-making circuitry. We hypothe- 
sized that goal-directed decisions have their basis 
in a value signal encoded in the ventromedial pre- 
frontal cortex (vmPFC). This hypothesis has its 
basis in neuroimaging studies that have found a 
correlation between activity in this area and be- 
havioral measures of value (//—/6), as well as find- 
ings from electrophysiology studies (17, 18). We 
also hypothesized that self-control involves mod- 
ulation by the dorsolateral prefrontal cortex 
(DLPFC) of the value signals computed in 
vmPFC. This hypothesis has its basis in the role 
of DLPFC in cognitive control (/9, 20), working 
memory (2/, 22), and emotion regulation (23). 
To test these hypotheses, we recruited self- 
reported dieters and used functional magnetic res- 
onance imaging (fMRI) to study the neural activity 
in vmPFC and DLPFC while the participants made 
real decisions about which foods to eat. Participants 
performed three tasks in the scanner (Fig. 1A) (24). 


Health Scale ” 
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Decision Scale 


Food Item 
max 4 sec 
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4-15 sec 


In the first two parts, they rated 50 different food 
items for taste and health separately. On the basis of 
these ratings, we selected a reference item for each 
subject that was rated neutral in both taste and 
health. In the final part, subjects were asked to 
choose between each of the foods and the reference 
item. One decision was randomly selected and im- 
plemented at the end of the study. Participants in- 
dicated the strength of their decision by using a 
five-point scale (strong no, no, neutral, yes, and 
strong yes), which provided a measure of their rela- 
tive value for eating that food instead of the reference 
item. Following the previous literature (//), we refer 
to this measure as a goal value, which refers to the 
amount of expected reward associated with consum- 
ing the food. Note that dieters should be concerned 
with the healthiness of the foods, and not only 
with their taste, and that optimal decision-making 
requires integrating these two separate concerns. 

Participants were classified as self-controllers 
(SCs; 1 = 19) or non-self-controllers (NSCs; 1 = 
18) on the basis of their decisions (24). There was 
a stark difference between the SC and NSC groups 
(Fig. 1B): Whereas SCs made decisions on the 
basis of both health and taste, rejecting most 
liked-but-unhealthy items, the NSC group made 
decisions on the basis of taste alone. 

We made four predictions about the patterns 
of neural activity, which we tested by using the 
fMRI data. First, activity in vmPFC should be 
correlated with participants’ goal values regard- 
less of whether or not they exercise self-control. 
Second, activity in the vmPFC should reflect the 
health ratings in the SC group but not in the NSC 
group. Third, the DLPFC should be more active 
during successful than failed self-control trials. 
Fourth, DLPFC and vmPFC should exhibit func- 
tional connectivity during self-control trials. 

We tested the first prediction by estimating a 
general linear model (GLM) of blood oxygen 
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often than the NSC group did (**t3, = 12.5; P < 0.0000). The SC group also ate 
liked-healthy food items more often than the NSC group did (*tyg = 2.74; P< 
0.05). Error bars denote standard errors. 
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level-dependent activity that included a parame- 
tric regressor for goal values at the time of eval- 
uation. Activity in vmPFC was correlated with 
goal values for all participants regardless of the 
amount of self-control exercised (Fig. 2, A and B; 
fig. S1; and table $2). The areas of vmPFC iden- 
tified largely overlap with regions that have been 
associated with valuation in other tasks that re- 
quire no self-control (//—/5) (Fig. 2C). 

To test the second prediction, we estimated a 
new GLM that included parametric regressors for 
health and taste ratings. The beta values for both 
parametric regressors were extracted from the 
voxels in vmPFC that exhibited the strongest cor- 
relation with goal values for each participant. In 
the SC group, vmPFC activity was modulated by 
both health (¢;3 = 4.20, P < 0.001) and taste (tg = 
3.31, P < 0.005) (Fig. 2D), whereas in the NSC 
group it was only modulated by taste (¢,7 = 7.28, 
P<0.001). We tested this relationship further by 
estimating a linear regression of the impact of 
health ratings on each participant’s behavior against 
a measure of the impact of health ratings on the 
participant’s vmPFC activity (regression co- 
efficient = 0.847, #35 = 5.57, P< 0.001) (Fig. 2E). 

We tested the third prediction by comparing 
the neural responses during the decision period in 
three different types of trials: those in which self- 
control was not needed, those in which self-control 
was successfully deployed, and those in which 
participants failed to use self-control. We found 
greater left DLPFC activity [inferior frontal gyrus 
(IFG) and Brodmann’s area (BA) 9 (IGF/BA9)] 
in the SC group than in the NSC group during 
successful self-control trials (Fig. 3A and table S3). 
However, both groups had greater activity in this 
region for successful self-control trials compared 
with that of failed self-control trials (SC group t,4 = 
2.29, NSC group t)3 = 2.62, P < 0.05) (Fig. 3B). 

We tested the fourth prediction by performing 
a linear regression of left DLPFC activity during 
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self-control trials on the response of vmPFC to 
the presentation of liked-but-unhealthy food items 
(regression coefficient = —0.688, t;7 =—2.26; P< 
0.05) (Fig. 3C). Self-control in this type of trial 
requires ramping down the weight given to taste 
in computing the goal value. A similar decrease 
in vmPFC activity was seen in gamblers who 
chose not to gamble in losing conditions (25). 

We also investigated whether left DLPFC and 
vmPFC exhibited task-related functional connec- 
tivity. An initial analysis of the psychophysiolog- 
ical interactions (PPI) using left DLPFC as the 
seed showed connectivity with several regions 
(fig. S4 and table S4), including the left IFG/BA46 
but not the vmPFC, which ruled out direct mod- 
ulation from DLPFC. However, DLPFC might 
modulate the vmPFC through its effect in a third 
region, such as IFG/BA46. This area was of par- 
ticular interest because it is involved in working 
memory and goal maintenance (2/, 22), it has 
anatomical connections to vmPFC (26), and pre- 
vious studies have shown that IFG/BA46 activity 
is correlated with goal values (//, 13). Thus, we 
used this area as the seed for a second PPI analysis 
and found positive task-related functional con- 
nectivity with the vmPFC (fig. S3 and table S5). A 
conjunction analysis confirmed that this was the 
same area of vmPFC that was correlated with goal 
values. Thus, the vmPFC was functionally con- 
nected to the left DLPFC through a two-node 
network (Fig. 4, B and C). 

The results provide insight into two open 
questions in behavioral neuroscience. First, they 
suggest that self-control problems arise in situa- 
tions where various factors (e.g., health and taste) 
must be integrated in vmPFC to compute goal 
values and that DLPFC activity is required for 
higher-order factors, such as health, to be incor- 
porated into the vmPFC value signal. We specu- 
late that the vmPFC originally evolved to forecast 
the short-term value of stimuli and that humans 
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developed the ability to incorporate long-term con- 
siderations into values by giving structures such as 
the DLPFC the ability to modulate the basic value 
signal. 

Second, a fundamental difference between suc- 
cessful and failed self-control might be the extent 
to which the DLPFC can modulate the vmPFC. 
Individual differences in the ability of DLPFC to 
modulate vmPFC might be due to differences with- 
in the DLPFC or to differences in connectivity be- 
tween the DLPFC and other areas. The areas of 
DLPFC that we have found to play a role in self- 
control are similar to areas that are at work in cog- 
nitive control (27, 28) and in emotional regulation 
(23, 29). Our results are consistent with previous 
theories of the role of DLPFC in cognitive control, 
which posit that it sends signals to other brain re- 
gions to promote task-relevant processing and sup- 
press irrelevant activity (20). Thus, our findings 
could be the start of an explanation for why general 
intelligence, cognitive control, and emotional regu- 
lation are all correlated with various behavioral 
measures of self-control (5, 8—10). 

Our findings also have implications for an on- 
going debate in decision neuroscience and psy- 
chology. McClure ef al. (30, 37) have proposed 
that intertemporal choice involves the interaction 
of multiple independent valuation systems (some 
characterized by very large discount rates and a 
hypersensitivity to immediate rewards and others 
that are more patient and thus more sensitive to 
long-term considerations) that compete with each 
other for behavioral control. They have also pro- 
posed that the shortsighted valuation network in- 
cludes the vmPFC and that the foresighted one 
includes the DLPFC. In contrast, Kable and 
Glimcher (/2) have argued that there is a com- 
mon valuation system and that the values that 
guide behavior are computed in the vmPFC-striatal 
network. However, they do not provide any theory 
or evidence about which neural mechanisms 


Fig. 2. (A) Regions of 
vmPFC in which activity 
correlated with goal val- 
ues across all participants 
= and regardless of their 
degree of self-control. 

See tables S1 to $5 for 

the statistics corrected 

e for multiple comparisons. 
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the current study (yellow) overlaps with several areas that have been 
found to correlate with goal values in previous studies [dark blue 
(12), light blue (14), red (13), and green (21)]. (D) Correlations 
between vmPFC activity and health and taste ratings (**P < 0.005, 
t test). (E) Robust linear regression showing a strong relationship 
between a measure of the effect that health ratings have on vmPFC 
activity and a measure of the effect that the health ratings have on 
decisions. Each point represents a participant. All error bars 
denote standard error. Images and coordinates are in Montreal 


Neurological Institute (MNI) space. 
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Fig. 3. (A) Region of left DLPFC showing greater activity in successful self-control trials in the SC than the 
NSC group. Images and coordinates are in MNI space. (B) Both groups showed greater activity in DLPFC 
for successful versus failed self-control trials (*P < 0.05, paired t test). (C) Activity in left DLPFC (IFG/BA9) 
was negatively correlated with vmPFC activity in the SC group during trials in which liked-but-unhealthy 
foods were avoided. Each point represents a participant in the SC group. 


Fig. 4. (A) Left IFG/BA46 showed 
negative task-related functional 
connectivity with the left DLPFC 
during decisions about unhealthy 
items by the SC group. (B) Con- 
junction analysis showing voxels 
that were correlated with goal 
values and exhibiting significant 
positive task-related functional 
connectivity with IFG/BA46 (re- 
ported P values based on the PPI 
analysis). (C) Diagram summariz- 
ing the results of the PPI analyses 
and illustrating the path through 
which the left DLPFC might mod- 
ulate activity in the vmPFC. Blue 
lines represent negative inter- 
actions, and red lines represent 
positive ones. Images and coor- 
dinates are in MNI space. 


modulate the value signal in order to exercise self- 
control. Our results bring a substantial amount of 
resolution to this debate. Like Kable and Glimcher, 
we find strong evidence for the existence of a 
common valuation signal in the vmPFC that drives 
choices regardless of the degree of self-control 
deployed by the participants. Like McClure et al., 


Negative 
Interaction j 


' Postive 
Interaction 


our results suggest that the DLPFC plays a critical 
role in the deployment of self-control. Contrary to 
their theory, however, we show that this is not 
because an alternative value signal is encoded in 
DLPFC, which in our experiment would require a 
nonexistent correlation between activity in this 
area and the health ratings (fig. S5). Instead, the 


DLPFC influences self-control by modulating the 
value signal encoded in vmPFC. 

Lastly, an improved understanding of the neu- 
robiology of self-control in decision-making will 
have applications to clinical practice in domains 
such as obesity and addiction, to economic and 
public policy analysis in problems such as sub- 
optimal savings and health behaviors, and to legal 
thinking about which criteria should be used in 
determining if an individual is in full command of 
his decision-making faculties and thus accountable 
to the law. 
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Exchange of Genetic Material 
Between Cells in Plant Tissue Grafts 


Sandra Stegemann and Ralph Bock* 


Tissue grafting includes applications ranging from plant breeding to animal organ transplantation. 
Donor and recipient are generally believed to maintain their genetic integrity, in that the grafted 
tissues are joined but their genetic materials do not mix. We grafted tobacco plants from two 
transgenic lines carrying different marker and reporter genes in different cellular compartments, 
the nucleus and the plastid. Analysis of the graft sites revealed the frequent occurrence of cells 
harboring both antibiotic resistances and both fluorescent reporters. Our data demonstrate that 
plant grafting can result in the exchange of genetic information via either large DNA pieces or 
entire plastid genomes. This observation of novel combinations of genetic material has implications 
for grafting techniques and also provides a possible path for horizontal gene transfer. 


rafting is widely used in plant breeding 
(gre in order to modify plant archi- 


tecture, improve vigor, or increase dis- 


ease resistance. Grafting also occurs naturally; for 
example, when the stems or roots of trees contact 
each other (/). Although the grafted tissues fuse 


Fig. 1. Genetic screen for intercellular gene transfer. (A) 4 
Maps of the plastid genome in Pt-spec:gfp plants and the a 
transgenic locus in Nuc-kan:yfp plants. Passa and Tysba, 
promoter and terminator from the plastid psbA gene; 
Pr promoter from the plastid rRNA operon; T,p16, ter- & Ai: 
minator from the plastid rps16 gene; P,,,., and T,,,;, pro- a 
moter and terminator from the nopaline synthase gene 

from Agrobacterium tumefaciens; P35; and T3ss, promoter 

and terminator from the cauliflower mosaic virus 355  Nuc-kan:yfp 
transcript; LB and RB, left and right borders of the T-DNA Thos 
region; Eco RV and Xho |, restriction sites used for re- 

striction fragment length polymorphism analysis (fig. $3). B 


(B) Selection experiments. The grafted stem region was 
Nuc-kan:yfp 
Pt-spec:gfp 


LB 


either sectioned (horizontal lines) or directly exposed to 
selection (bracket). The middle panel shows the arrange- 
ment of tissue explants, the right panel a selection plate 
(right half, stem sections from the graft site; upper left 
quarter, three stem sections and three leaf explants from 
Nuc-kan:yfp; lower left quarter, the corresponding ex- 
plants from Pt-spec:gfp). After 4 weeks on medium with 
spectinomycin and kanamycin, some explants from the 
graft site developed growing callus tissue or regenerating 
shoots (arrows). (C) Expression and subcellular localiza- 
tion of the fluorescent reporters. The wild type, the two 
grafting partners, and a YG line were assayed for GFP, 
chlorophyll (Chl), and YFP fluorescence. 


Nuc-kan:yfp _— Pt-spec:gfp Wild type 9 


YG-29 
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and establish vascular connections, the stock (the 
lower part of the graft) and scion (the upper part, 
usually supplying solely aerial parts to the graft) are 
thought not to exchange their genetic materials (2). 
To test this assumption, we generated two 
transgenic tobacco lines carrying different selec- 
tion markers and reporters. One line, Nuc-kan:yfp, 
harbors a kanamycin resistance gene (npt/7) and 
the yellow fluorescent protein gene (fp) in its nu- 
clear genome, whereas the other, Pt-spec:gfp, pos- 
sesses a spectinomycin resistance gene (aadA) and 
the green fluorescent protein gene (gf) in its plas- 
tid (chloroplast) genome (Fig. 1A and fig. S1). 
We performed grafting experiments in which 
Pt-spec:gfp scions were grafted onto Nuc-kan:yfp 
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stocks and vice versa. After the establishment of a 
physical connection, the graft site was excised 
and analyzed for gene flow between scion and 
stock by testing for the presence of cells that 
harbor both the kanamycin resistance gene (from 
Nuc-kan:yfp) and the spectinomycin resistance 
gene (from Pt-spec:gfp). Exposure of stem sections 
to double selection for kanamycin and_ specti- 
nomycin resistance frequently yielded resistant 
calli (that is, mounds of undifferentiated cells) and 
regenerating shoots (Fig. 1B). Cell lines isolated 
from grafts with Pt-spec:gfp as scion and Nuc- 
kan:yfp as stock are referred to as GY; lines from 
the reciprocal grafting are referred to as YG. 

We next assayed GY and YG lines for expres- 
sion of the fluorescent reporters. All cells in the 
regenerated plants showed GFP fluorescence in 
chloroplasts and YFP fluorescence in the cytosol, 
indicating that the two reporter proteins were 
present in the same cell (Fig. 1C and fig. $2). It is 
known that some proteins and RNAs can travel 
between cells and across graft junctions (3). We 
therefore performed Northern blot analyses to 
confirm transcription of all four transgenes in GY 
and YG lines (Fig. 2A) and also demonstrated the 
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Fig. 2. Analysis of transgenes and molecular markers in gene transfer 
lines. (A) Northern blot analyses of transgene expression. (B) Transgene 
detection at the DNA level by polymerase chain reaction (PCR). (C) PCR 
analysis of plastid and nuclear markers to determine the direction of in- 
tercellular gene transfer. Pt, assay of a length polymorphism in the plas- 
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presence of all transgenes at the DNA level (Fig. 
2B and fig. S3). 

We recovered doubly resistant lines at high 
frequency (94 events from 74 grafted plantlets, 
table S1). The frequency of intercellular gene 
transfer was independent of the orientation of the 
graft (table S1). When we subjected leaf explants 
and distant stem sections to selection, no resistant 
lines were obtained (table S2), suggesting that 
gene transfer is confined to the graft site and no 
long-distance transfer may occur. Whether the 
gene transfer is strictly dependent on direct cell- 
to-cell contact remains to be investigated. 

Experiments in which whole graft sites were 
subjected to selection (Fig. 1B) also produced re- 
sistant cell lines, suggesting that tissue injury (by 
cross-sectioning) was not involved in the gene trans- 
fer process. In contrast, when stock and scion were 
separated before fusion, no resistant lines were ob- 
tained (table S1). Karyotype analyses excluded the 
possibility that YG and GY plants arose through 
fusion of Nuc-kan:yfp cells with Pt-spec:gfp cells 
(fig. S4). Finally, genetic crosses demonstrated sta- 
ble inheritance of the transferred genes and addition- 
ally confirmed the absence of polyploidy (fig. S5). 
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Two directions of gene transfer are possible: 
movement of plastid genes from Pt-spec:gfp cells 
into Nuc-kan:yfp cells or transfer of nuclear 
genes from Nuc-kan:yfp to Pt-spec:gfp cells. To 
distinguish between these possibilities by track- 
ing molecular markers in the plastid and nuclear 
genomes, we grafted two different tobacco vari- 
eties, Petit Havana (PH; Pt-spec:gfp) and Samsun 
NN (SNN; Nuc-kan:yfp). Analysis of a poly- 
morphism in the plastid genomes of the two 
cultivars [>15 kb away from the transgene in- 
sertion site (4)] revealed that all GY and YG 
plants analyzed carried the PH marker (Fig. 2C), 
indicating that large DNA pieces or even entire 
plastid genomes are transferred. Polymorphisms 
in pathogen resistance genes were used as nu- 
clear markers (5). All GY and YG plants tested 
positive for the SNN-specific marker and nega- 
tive for the PH-specific marker (Fig. 2C), sug- 
gesting that the plastid transgenes moved from PH 
cells into SNN cells. Plant cells are connected via 
plasmatic bridges called plasmodesmata, but the 
passage of large macromolecules requires the 
action of specific plasmodesmata-widening pro- 
teins (3). Whether large DNA pieces or even 
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entire organelles can travel through plasmo- 
desmata requires further investigation. 

Our discovery of grafting-mediated gene trans- 
fer further blurs the boundary between natural gene 
transfer and genetic engineering and suggests that 
grafting provides an avenue for genes to cross 
species barriers. Phylogenetic evidence suggests 
that DNA can be transferred horizontally between 
reproductively isolated species (6). We propose 
that grafting (whether natural or assisted) provides 
a path for horizontal gene transfer. 

Finally, although our data demonstrate the 
exchange of genetic material between grafted 
plants, they do not lend support to the tenet of 
Lysenkoism that “graft hybridization” would be 


analogous to sexual hybridization. Instead, our 
finding that gene transfer is restricted to the contact 
zone between scion and stock indicates that the 
changes can become heritable only via lateral 
shoot formation from the graft site. However, there 
is some reported evidence for heritable alterations 
induced by grafting (7) and, in light of our find- 
ings, these cases certainly warrant detailed molec- 
ular investigation. 
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Circadian Clock Feedback 
Cycle Through NAMPT-Mediated 


NAD* Biosynthesis 
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The circadian clock is encoded by a transcription-translation feedback loop that synchronizes 
behavior and metabolism with the light-dark cycle. Here we report that both the rate-limiting 
enzyme in mammalian nicotinamide adenine dinucleotide (NAD*) biosynthesis, nicotinamide 
phosphoribosyltransferase (NAMPT), and levels of NAD* display circadian oscillations that are 
regulated by the core clock machinery in mice. Inhibition of NAMPT promotes oscillation of the 
clock gene Per2 by releasing CLOCK:BMAL1 from suppression by SIRT1. In turn, the circadian 
transcription factor CLOCK binds to and up-regulates Nampt, thus completing a feedback loop 


involving NAMPT/NAD* and SIRT1/CLOCK:BMAL1. 


any aspects of mammalian behavior 
M physiology are coordinated through 

interconnected networks of 24-hour 
central and peripheral oscillators that synchronize 
cycles of fuel storage and utilization to maintain 
organismal homeostasis. In mice, circadian dis- 
ruption has been tied to metabolic disturbance 
(/, 2), whereas a high-fat diet alters both be- 
havioral and molecular rhythms (3, 4). The un- 
derlying mechanism of the mammalian clock 
consists of a transcription-translation feedback 
loop in which CLOCK and BMAL] activate 
transcription of Cryptochrome (Cry! and 2) and 
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Period (Perl, 2, and 3), leading to subsequent 
repression of CLOCK:BMAL1 by CRY and 
PER proteins (5). An additional feedback loop 
involves the transcriptional regulation of Bmal1 
by RORa and REV-ERBa (6, 7). Previous studies 
have also implicated a role for cellular nicotinamide 
adenine dinucleotide (NAD’) in the regulation of 
CLOCK and NPAS2 activity (8), an observation 
consistent with the recent finding that the NAD'- 
dependent protein deacetylase SIRT1 modulates 
activity of the clock complex (9, /0). 

NAD’ is a classic coenzyme that is synthe- 
sized from three major precursors: tryptophan, 
nicotinic acid, and nicotinamide (fig. S1). In 
yeast, it has been reported that enzymes involved 
in the NAD" salvage pathway play an important 
role in the regulation of Sir2 activity (//, 12). On 
the other hand, in mammals, the predominant 
NAD’ biosynthetic pathway involves the con- 
version of nicotinamide and 5’-phosphoribosyl- 
pyrophosphate to nicotinamide mononucleotide 
(NMN) by the rate-limiting enzyme nicotinamide 
phosphoribosyltransferase (NAMPT) (fig. S1) 
(13-15). NAMPT-mediated NAD" biosynthesis 
has been demonstrated to play a critical role in a 
number of biological processes through the NAD'*- 
dependent deacetylase SIRT1 (fig. S1) (73, 16-18). 


These findings led us to hypothesize that circadian 
regulation of NAD" may provide a mechanism for 
regulation of the core clock. Expression levels of 
Nampt RNA displayed a robust diurnal pattern in 
both wild-type (WT) mouse liver and white adipose 
tissue (WAT), peaking at the beginning of the dark 
period [zeitgeber time (ZT) 14] (Fig. 1A) (/9). 
Expression levels of NAMPT protein also showed 
a diurnal pattern of oscillation across the 24-hour 
light-dark cycle in liver (Fig. 1B), with a reduction 
in NAMPT protein levels before the onset of the 
dark period [Fig. 1B and supporting description 1 in 
the supporting online material (SOM)]. Nampt 
RNA oscillation is circadian in nature, as we 
found a robust oscillation of Nampt RNA for 48 
hours in liver isolated from WT mice that had 
been maintained in constant darkness [P < 0.01, 
one-way analysis of variance (ANOVA)] (Fig. 
1C). Furthermore, the levels of Nampt RNA and 
protein were lower across the entire light-dark 
cycle in liver and WAT of C. Tock’? mutant mice, 
and the diurnal oscillation of Nampt RNA and 
protein was abolished in Clock!’ mutant mice 
(Fig. 1, A and B). The robust Nampt RNA os- 
cillation during constant darkness was also 
abolished completely in the Clock’? mutant 
mouse liver (Fig. 1C), indicating that the core 
clock machinery is required for the circadian 
control of NAMPT expression. 

Because NAMPT is the rate-limiting enzyme 
in the predominant NAD" biosynthetic pathway 
in mammals, we tested whether tissue NAD* 
levels also display a circadian oscillation pattern 
in WT liver across 48 hours from mice main- 
tained in constant darkness. Liver NAD* levels 
showed a very similar bimodal circadian oscilla- 
tion pattern to that of NAMPT protein, and the 
lowest levels of NAD* occurred with a rhyth- 
micity of 24 hours (Fig. 1D). We also observed a 
decrease in NAD" levels around CT10-14 and 
again 24 hours later (CT34), generating the ob- 
served bimodal oscillation pattern (Fig. 1D and 
supporting description 1). The degree to which 
NAD? levels increased from baseline (40 to 53%) 
during these daily cycles, as well as the concen- 
trations of NAD* that we measured, fall within the 
physiological range of reported alterations in 
NAD?’ levels (supporting description 2) (20, 2/). 
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NAD" levels were significantly reduced in 
Clock*”? mutant liver during both the light (ZT2) 
and dark (ZT14) periods (Fig. 1E). Furthermore, 
we observed that mice deficient in Bmall 
(BmalI~) (22), the heterodimeric binding part- 
ner of CLOCK, also exhibited a significant 
reduction in both Nampt RNA and NAD* levels 
in liver (Fig. 1E). Finally, mice deficient for both 
CRY1 and CRY2 (23) displayed a significant 
increase in Nampt RNA levels and a correspond- 
ing increase in NAD" levels in liver, which is 
consistent with Nampt being a target gene of 
CLOCK:BMALI (Fig. 1E). Thus, the rhythmic 
oscillation in RNA and protein levels of NAMPT 
lead to a circadian oscillation of NAD" levels in 
the living animal. 

The peak in NAMPT and NAD‘ in the liver 
of WT mice (Fig. 1, B, D, and E) is consistent 
with a previous report that endogenous SIRT1, an 
NAD-dependent and nutrient-responsive deacet- 
ylase, displays a diurnal oscillation in activity 
with a peak around ZT15 (9). We therefore ex- 
amined whether SIRT1 activity is affected by 
altering NAMPT-mediated NAD" biosynthesis in 
primary hepatocytes with the specific chemical 
inhibitor of NAMPT, FK866 (24). FK866 
significantly inhibited NAD" biosynthesis (Fig. 
2A), resulting in ~30% reduction in mRNA ex- 
pression levels of two major SIRT1 target genes 
in the liver, Pepck (phosphoenolpyruvate carbox- 
ykinase) and G6Pase (glucose-6-phosphatase) 
(20), but not an unrelated gene, /gf-1 (insulin-like 
growth factor-1) (Fig. 2B). Using Per2:luciferase 
transcriptional reporter assays in HEK293 cells 
(Fig. 2, C to E, and fig. $2), we show that in- 
hibition of NAMPT by FK866 led to a significant 
increase in the CLOCK:BMAL]1-driven tran- 
scription of the Per2:/uciferase reporter (Fig. 2C), 
indicating that reduced NAMPT-mediated NAD* 
biosynthesis released CLOCK:BMAL1 from the 
SIRT 1-dependent suppression. Consistent with 
this notion, SIRT1 suppressed transcription of 
Per2:luciferase in a dose-dependent manner (Fig. 
2D). Additionally, resveratrol, a putative SIRT1 
activator, also inhibited Per2:luciferase tran- 
scription (figs. S2 and S3A). In contrast, in- 
hibition of SIRT1 by high doses of nicotinamide 
activated Per2:luciferase transcription, and the 
selective SIRT1 inhibitor EX-527 showed a sim- 
ilar trend (figs. S2 and $3, B and C). Further- 
more, FK866 abrogated the SIRT 1-dependent 
suppression of CLOCK:BMAL1-mediated tran- 
scription (Fig. 2E). 

To investigate the effect of this regulatory 
pathway on clock gene expression, we first con- 
firmed that SIRT1 binds to BMAL]I (fig. S4) 
(9, 10) and then determined that SIRT1 localizes 
to the E-box of the Per2 promoter (Fig. 3A), 
suggesting that Per2 is a target of the NAMPT/ 
NAD"-driven pathway. We next examined the 
effect of FK866 on Per2 rhythms in primary 
hepatocytes. Serum shock induced a Per? oscil- 
lation in vehicle-treated hepatocytes that damped 
rapidly after one cycle (2.2-day damping rate), 
whereas FK 866 treatment prolonged the oscilla- 


tion of Per2 (5.3-day damping rate) (Fig. 3B). 
Reduction in NAMPT-mediated NAD* bio- 
synthesis may promote a more robust oscillation 
of clock target gene expression by releasing 
CLOCK:BMALI from SIRT1-mediated sup- 
pression. Consistent with this notion, adenoviral 
Sirt] transduction of primary hepatocytes sup- 
pressed the expression and oscillation of Per2, 
although adenoviral infection itself altered the 
Per2 oscillation pattern (Fig. 3C). Therefore, the 
NAMPT/NAD '-driven pathway modulates cir- 
cadian transcription patterns in mammals. 
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Fig. 1. Oscillation of NAMPT-mediated NAD* 
biosynthesis. (A) Relative expression levels of Nampt 
RNA in liver and WAT across the 24-hour light- 
dark cycle. Gray shading indicates a dark period 


To determine if this pathway comprises a 
feedback loop involving regulation of the Nampt 
gene by CLOCK:BMAL1], we performed chro- 
matin immunoprecipitation (ChIP) to test whether 
the CLOCK:BMAL]1 complex binds to canonical 
or noncanonical E-box motifs in the promoter and 
first intron of the Nampt gene (fig. S5). ChIP 
detected CLOCK in these regions (Fig. 3D, first, 
second, and third panels), but not in a nonspecific 
upstream region (Fig. 3D, fourth panel). We ob- 
served a stronger signal for CLOCK at CT6 as 
compared with the signal at CT15 (Fig. 3D), 
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(n = 4 to 6 mice per genotype per time point). CL, Clock“”? mutant mice. (B) Western blots showing 
NAMPT and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) at indicated ZTs. Quantitation of 
NAMPT normalized to GAPDH. (C) Relative expression levels of Nampt RNA across 48 hours in liver of WT 
and Clock“? mice in constant darkness. The shading indicates where light and dark periods would 
normally occur under 12:12 light-dark conditions (n = 2 WT, n=1 Clock*”” per time point, P < 0.01, one- 
way ANOVA for WT oscillation). (D) NAD* levels across 48 hours in liver of WT mice in constant darkness 
(n = 2 WT per time point). (E) NAD* levels in WT and Clock“?? mutant liver at ZT2 and 14 (n = 3 per 
genotype per time point) (upper panel). Relative expression levels of Nampt RNA (middle panels) and 
NAD* (lower panels) in Bmal1~—, Cry1”/Cry2~, and WT liver at ZT7 (n = 4 to 13). *P < 0.05; **P < 
0.01; ***P < 0.001. All data are presented as mean + SEM. 
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Fig. 2. NAMPT, NAD*, and SIRT1 regulate CLOCK: 
BMAL1 activity. (A and B) NAD* levels (A) and relative 
expression levels of Pepck, G6Pase, and Igf-1 RNA (B) 
in primary hepatocytes incubated with 200 nM FK866 
for 24 hours (n = 3 per group) (Pepck, G6Pase, Igf-1). 
(C to E) Relative luciferase activity of Per2-lucferase in 
the presence of (C) 10 nM FK866 for 24 or 48 hours, 
(D) increasing doses of Sirt1 (200, 400, 800 ng), and 
(E) Sirt1 (800 ng) alone or Sirt1 (800 ng) and 10 nM 
FK866 for 48 hours. *P < 0.05; **P < 0.01; ***P < 
0.001; NS, not significant. All data are presented as 
mean + SEM. 
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mouse embryonic fibroblasts (average of two independent experiments). 
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which suggests rhythmic binding of CLOCK: 
BMAL in a promoter context-dependent manner 
(25, 26). Transduction of Clock/Bmal] into mouse 
embryonic fibroblasts appeared to up-regulate 
Nampt expression ~1.6-fold (Fig. 3E). Together, 
these data demonstrate that NAMPT-mediated 
NAD‘ biosynthesis comprises a feedback loop in 
which NAD* functions as a metabolic oscillator 
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and regulates the core clock machinery through 
SIRT1 (fig. S6 and supporting description 3). Giv- 
en the central role of NAD* as a biological cofac- 
tor, the rhythmic production of NAD‘ may have a 
cascade of effects on downstream pathways, in- 
cluding chromatin regulation, metabolism, and 
aging. We thus propose that the circadian feedback 
loop through NAMPT-mediated NAD* biosyn- 
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thesis may function to fine-tune the daily cycles of 
energy storage and utilization and also to coor- 
dinate these processes with the rest-activity cycle. 
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Circadian Control of the NAD* 
Salvage Pathway by CLOCK-SIRT1 


Yasukazu Nakahata, Saurabh Sahar, Giuseppe Astarita, 


Milota Kaluzova, Paolo Sassone-Corsi* 


Many metabolic and physiological processes display circadian oscillations. We have shown 

that the core circadian regulator, CLOCK, is a histone acetyltransferase whose activity is 
counterbalanced by the nicotinamide adenine dinucleotide (NAD*)—dependent histone deacetylase 
SIRT1. Here we show that intracellular NAD* levels cycle with a 24-hour rhythm, an oscillation 
driven by the circadian clock. CLOCK:BMAL1 regulates the circadian expression of NAMPT 
(nicotinamide phosphoribosyltransferase), an enzyme that provides a rate-limiting step in the 
NAD* salvage pathway. SIRT1 is recruited to the Nampt promoter and contributes to the circadian 
synthesis of its own coenzyme. Using the specific inhibitor FK866, we demonstrated that NAMPT 
is required to modulate circadian gene expression. Our findings in mouse embryo fibroblasts reveal 
an interlocked transcriptional-enzymatic feedback loop that governs the molecular interplay 
between cellular metabolism and circadian rhythms. 


ccumulating evidence reveals intriguing 
Ais between the circadian clock and 

cellular metabolism (/—3), which, at least 
in part, rely on epigenetic control and chromatin 
remodeling (4). The circadian regulator CLOCK 
has an intrinsic acetyltransferase activity, which 
enables circadian chromatin remodeling by acet- 
ylating histones (5) and nonhistone proteins, 
including its own partner BMAL1 (6). The his- 
tone deacetylase (HDAC) that counterbalances 
the histone acetyltransferase function of CLOCK 
is SIRT1 (7, 8), an enzyme whose activity is de- 
pendent on intracellular NAD* levels (9). Although 
NAD‘ is SIRT1’s natural cosubstrate, the reduced 
form of NAD* (NADH) and the by-product of 
NAD* consumption, nicotinamide (NAM), re- 
press the activity of SIRT1 (9) and generate an 
enzymatic feedback loop on the HDAC function 
of this enzyme. Two main systems determine 
NAD* levels in the cell, the de novo biosynthesis 
from tryptophan and the NAD" salvage pathway 
(0). A critical step of the latter pathway is con- 
trolled by the enzyme nicotinamide phosphoribosyl- 
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transferase (NAMPT) (//), also known as visfatin 
or pre-B cell colony-enhancing factor (PBEF), 
which catalyzes the first step in the biosynthesis 
of NAD' from NAM. NAMPT is implicated in 
cellular metabolism, senescence, and survival in 
response to genotoxic stress (12-14). 

Because of the role of SIRT1 in modulating 
clock function (7), we reasoned that circadian tun- 
ing may be achieved by NAD" oscillating levels. 
Wild-type (WT) mouse embryo fibroblasts (MEFs) 
were serum-entrained, and cellular NAD* levels 
were measured by liquid chromatography coupled 
to tandem mass spectrometry (LC/MS”) from total 
extracts prepared at various time intervals after 
serum shock (/5). Cellular NAD* showed a re- 
producible circadian oscillation of about 2.5-fold 
(Fig. 1A). The average NAD* concentration of 
25 pmol/ug protein (~60 4M) found in MEFs is 
in keeping with recent reports for rat axons using 
LC coupled to an ultraviolet detector (9 pmol/ug 
protein) (/6), mouse erythrocyte using LC/MS/MS 
(368 uM) (17), and HEK293 cells using LC with 
matrix-assisted laser desorption/ionization (MALDI) 
MS (365 uM) (14). Note that cellular NAD* os- 
cillation is in phase with SIRT1 deacetylase activ- 
ity and its phase is opposite to that of acetylation 
of histone H3 and BMALI (7). 


NAD* levels did not oscillate in entrained 
MEFs originated from the clock/clock mutant 
mice (c/c) and from the arrhythmic Cry//Cry2 
double-knockout (KO) mice (cry) (Fig. 1B and 
fig. S1), which demonstrated that NAD" oscilla- 
tion is driven by the circadian clock. Total cellular 
NAM levels measured by LC/MS” also showed 
oscillation, albeit more moderate, with a phase 
opposite to that of NAD’. Also NAM oscillation 
was abolished in the MEFs from c/c and cry 
mice (Fig. 1D). Thus, the circadian clock controls 
the levels of these metabolites. This analysis also 
provided a clue: NAD* and NAM levels are sig- 
nificantly lower in mutant MEFs than in WT cells 
(for NAD‘ only 1.1 pmol/ug protein in c/c MEFs, 
about 5% of that in WT MEFs) (Fig. 1, C and 
E). This notion points to an involvement of the 
NAD‘ salvage pathway and, because of its dy- 
namic regulation, specifically to NAMPT, whose 
prominent function in NAD* production has been 
demonstrated (/8-20). Furthermore, increased flux 
through the NAD" salvage pathway is responsible 
for sirtuin-dependent responses even under condi- 
tions of unaltered steady-state NAD* levels (/2). 

Next, we analyzed the expression of NAD‘ 
salvage pathway metabolic enzymes. The nico- 
tinamide mononucleotide adenylyltransferases, 
NMNATI1, NMNAT2, and NMNAT3, are central 
in NAD biosynthesis; they catalyze the adenyl- 
ation of nicotinamide mononucleotide (NMN) or 
nicotinic acid mononucleotide (NaMN) by using 
the adenosine monophosphate (AMP) moiety of 
adenosine triphosphate to form NAD* or nico- 
tinic acid dinucleotide, respectively (Fig. 2A). The 
expression of these three enzymes is mildly oscil- 
latory (fig. S2). Thus, our attention focused on 
NAMPT, which operates as rate-limiting enzyme 
in NAD" production within the NAD" salvage 
pathway (/0, 14, 21). Expression of Nampt is 
robustly circadian in livers from WT mice, 
whereas oscillation is virtually absent in c/c mice 
(Fig. 2B). Rhythmic expression is observed also in 
serum-entrained WT MEFs, paralleling Dbp oscil- 
lation. Again, Nampt oscillation is abolished in 
c/c MEFs (Fig. 2C). 

The Nampt promoter contains three putative, 
highly conserved, E-box sequences (CACGTG) 
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Fig. 1. Circadian oscillation of NAD* is controlled by the clock. (A and B) Cellular NAD~ was extracted 
from serum-entrained MEFs derived from WT (A), clock/clock mutant mice (/c), and Cry1/Cry2 double- 
KO mice (cry) (B) at indicated time points and analyzed by LC/MS". Three independent experiments 
were performed, and representative results are shown. All data are means + SEM of three independent 
samples. (C) Average NAD* levels. (means + SEM of >50 independent samples). (D) Cellular NAM was 
extracted from serum-entrained MEFs derived from WT, c/c, and cry mice at indicated time points and 
analyzed by LC/MS”. (E) Average NAM levels (means + SEM of >50 independent samples). 
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Fig. 2. The circadian clock controls Nampt gene expression. (A) Scheme of the NAD* salvage pathway 
in mammals. (B) Nampt gene expression in livers from light-entrained WT and c/c mutant mice as 
measured by quantitative polymerase chain reaction (Q-PCR). Nampt gene expression at Zeitgeber time 
(ZT) 15 in liver from WT mice was set to 1. (C) Nampt and Dbp gene expressions in serum-entrained 
MEFs from WT and c/c mutant mice were quantified by Q-PCR. Expression at time 0 in WT MEFs was set 
to 1. All data are means + SEM of three independent samples. 


(Fig. 3, A and B). Using promoter mutagenesis 
and transient expression in cultured cells, we dem- 
onstrate that the Nampt promoter is readily ac- 
tivated by CLOCK:BMALI through the E-boxes 
(Fig. 3C). Next, using chromatin immunoprecipi- 
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tation (ChIP), we showed that CLOCK:BMAL1 
physically and specifically associates to the E-boxes 
on the Nampt promoter in a time-dependent manner 
(Fig. 3, D and E), consistent with Nampt circa- 
dian expression. We have recently demonstrated 
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that SIRT1 is ina complex with CLOCK:BMAL1 
(7). Dual cross-linking ChIP assays showed that 
SIRT1 binds to the E-boxes in a time-dependent 
manner, following the circadian timing of 
CLOCK:BMALI recruitment (Fig. 3, D and E). 
Thus, as previously shown for Dbp and Per2 (7), 
CLOCK and SIRT1 contribute to circadian chro- 
matin remodeling at the Nampt promoter. As 
NAD’ intracellular levels directly influence the 
HDAC activity of SIRT1 (22-24), an enzymatic- 
transcription feedback loop seems to operate, in 
which NAD* levels determine the oscillatory 
synthesis of NAMPT, the key enzyme in the 
NAD* salvage pathway. 

To address whether NAMPT is critical in mod- 
ulating clock function, we took advantage of 
FK866, a low-molecular-weight specific NAMPT 
inhibitor. FK866 lowers cellular NAD‘ and NAM 
levels over a prolonged length of time (/8) (figs. S3 
and S4). Pharmacological inhibition of NAMPT 
significantly modifies the circadian expression of 
Per2 and Dbp in serum-stimulated MEFs (Fig. 
4A) and causes an earlier onset of the circadian 
peak for both genes by 3 to 4 hours and increases 
the amplitude of oscillation by 30 to 40%. This 
effect of FK866 is highly similar to the one 
caused by inhibition of SIRT1 (7). Thus, we pre- 
dicted that blocking NAMPT would modify 
BMALI acetylation, a regulatory event critical 
to clock function (6). Using the antibody against 
acetyl-BMAL1 recently developed in our lab- 
oratory (7), we showed that inhibition of NAMPT 
induces a considerable increase and a broader 
peak of Lys*” acetylation (Fig. 4B). This BMAL1 
acetylation profile is basically equivalent to the 
one observed in MEFs and livers from Sirtl 
mice (7). 

How intimate is the link between cellular me- 
tabolism and the circadian clock? Specifically, 
are metabolic pathways regulating the circadian 
machinery (3, 25, 26), or are molecular elements 
of the clock controlling metabolism (3, 27, 28)? 
The findings reported here demonstrate that both 
pathways exist in the cell, and each utilizes a 
discrete molecular mechanism of control in which 
the enzyme NAMPT occupies a pivotal position. 
Our results reveal the interlocking of two auto- 
regulatory systems, in which a classical transcrip- 
tion circadian loop is coupled to an enzymatic 
feedback loop (Fig. 4C). These findings point to 
the oscillation of NAD" as a key regulatory step in 
the modulation of rhythms in metabolic tissues 
and peripheral clocks. Note that FK866 may be 
used for treatment of diseases that may be im- 
plicated in deregulated apoptosis or act as a sensi- 
tizer for genotoxic agents (/8). Thus, our findings 
could have multiple implications including ave- 
nues to pharmacological intervention. 
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of the transcription-enzymatic interplay by which the circadian machinery governs the intracellular levels of NAD*. The NAD*-dependent deacetylase 
SIRT1 is thereby controlling the oscillatory synthesis of its own coenzyme. 
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A Cytidine Deaminase Edits C to U 
in Transfer RNAs in Archaea 


Lennart Randau,**t Bradford J. Stanley,’* Andrew Kohlway,” Sarah Mechta,” 


Yong Xiong,’t Dieter S6ll*7+ 


All canonical transfer RNAs (tRNAs) have a uridine at position 8, involved in maintaining tRNA 
tertiary structure. However, the hyperthermophilic archaeon Methanopyrus kandleri harbors 30 (out 
of 34) tRNA genes with cytidine at position 8. Here, we demonstrate C-to-U editing at this location in 
the tRNA‘s tertiary core, and present the crystal structure of a tRNA-specific cytidine deaminase, 
CDAT8, which has the cytidine deaminase domain linked to a tRNA-binding THUMP domain. CDATS8 is 
specific for C deamination at position 8, requires only the acceptor stem hairpin for activity, and 
belongs to a unique family within the “cytidine deaminase—like” superfamily. The presence of this 
C-to-U editing enzyme guarantees the proper folding and functionality of all M. kandleri tRNAs. 


be altered by editing enzymes that cat- 

alyze the deamination of adenosine or 
cytidine (/). In transfer RNA (tRNA), adenosine 
deaminases acting on tRNA engage in adenosine- 
to-inosine (A-to-I) editing (2-4) and are involved 
in the formation of 1-methylinosine found in some 
archaeal tRNAs (5). Cytidine-to-uridine (C-to-U) 
editing in tRNA is seen in plant mitochondrial 
(6), eukaryotic, organellar (7), and cytoplasmic 
Trypanosoma brucei tRNA (8), but the enzyme(s) 
involved in these conversions are unknown. 
In Methanopyrus kandleri, only four tRNAs 
(RNA Gig, tRNARS, RNAP, andtRNA Gz y 
possess a U8 (T8 in the tRNA gene), whereas the 


T: gene sequence of RNA molecules can 
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Fig. 1. C8-to-U8 editing in vivo. (A) A 
Sequencing results for the indicated tRNA“ 
tRNA gene and reverse transcription gene 


polymerase chain reaction (RT-PCR) 
products of circularized precursor tRNA 


other 30 tRNA genes encode C8 (9, /0). The 
highly conserved U8 in tRNAs forms a reverse 
Hoogsteen tertiary base pair with A14 that sta- 
bilizes the sharp kink between the acceptor stem 
and base A9 (fig. S1) (77). A U8C mutation is 
associated with mitochondrial myopathy in hu- 
mans (/2) and destabilizes the tRNA structure, 
resulting in a molecule unfit in translational initia- 
tion and elongation (/3). The C8 must be modified 
to U in order to support the tertiary interaction 
with A14, which is present in all 34 tRNAs. 
Sequencing of total small RNA from 
kandleri revealed that mature RNA“, tRNAC’, 
and tRNA" species contain U8, whereas their 
respective genes have C8 (Fig. 1, A and B). 
Furthermore, precursor tRNA“*? molecules con- 
taining 5’ leader and 3’ trailer sequences still 
have C8, indicating that C-to-U editing occurs at 
the RNA level (Fig. 1, A and B). Primer ex- 
tension of an oligonucleotide annealed to the 
tRNA directly downstream of base 8 with either 
2'-deoxyguanosine 5’-triphosphate (AGTP; comple- 


1 5 8 tRNA 1 
5'-GCCCCGGCGG-3' gene 


5 


5'-GCCGCGGCAGCC-3' gene 
pre S'-AGGATGAGAGCCCCGGCGG-3' mat 5'-TCCA-GCCGCGGTAGCC-3' mat 5'-CCCA-GCCGCGGTAGCT-3' 


mentary to the unedited C8) or 2’-deoxyadenosine 
5’-triphosphate (dATP; complementary to the 
edited U8) revealed that most of base C8 in 
tRNA“* and tRNA" is edited to U (Fig. 1C). 

A computational search for C-to-U editing 
enzyme candidates in M. kandleri used the con- 
served cytidine deaminase signature zinc-binding 
motif His-(Ala-Val)-Glu-X54_36-Pro-Cys-X-X- 
Cys (where X is any amino acid) (/4), and yielded 
one candidate, the orphan protein MK0935, which 
also contained a THUMP domain, shown to me- 
diate activity on the tertiary core of tRNA in 
thiouridine and pseudouridine synthases (/5, /6), 
and RNA methylases (/5, 16). The MK0935 gene 
(renamed CDAT8, “cytidine deaminase acting on 
tRNA base C8”) was cloned, expressed in 
Escherichia coli, and the recombinant enzyme 
purified. 

The C-to-U editing activity of CDAT8 was 
verified in vitro by measuring the deamina- 
tion of cytidine residues including C8 in 
M. kandleri tRNA" transcribed in the presence 
of [a-*P cytidine 5’-triphosphate (CTP) (Fig. 2, 
A and B) (/7). To analyze the substrate recog- 
nition mechanism of CDAT8, we constructed three 
minimal tRNA substrates based on M. kandleri 
tRNA“® (F ig. 2C). The smallest substrate (sAsp1 
in Fig. 2C) consists only of the acceptor stem mi- 
crohelix with a bulged-out C8G9GGAC sequence, 
where GGAC represents the variable loop of 
tRNA“. The slightly larger substrates, sAsp2 and 
sAsp3, additionally contained the tRNA T-stem/ 
loop with bulged-out C8G9 and C8G9IGGAC 
sequences, respectively. All three minimal con- 
structs were substrates for CDAT8, indicating the 
dispensability of the tRNA anticodon and D-arm 
for activity (Fig. 2D). Although all three constructs 
were edited by CDATS at 70°C, only sAsp3 was 
a substrate at 37°C. These results suggest that 


8 tRNA" 1 5 8 
5'-GCCGCGGCAGCT-3' 


S of cl e i mat 5'-GCCA-GCCCCGGTGG-3' 
(pre, with 5° and 3” extensions) and B tRNAM* tRNA“? 
mature tRNA (mat). Only the mature pre-tRNA‘ tRNA“? tRNA tRNA" 

i A : dGTP dATP dGTP dATP 
tRNA displays the edited U8 (T8 in GGCGG GGIGG GGTAG GGTAG 


DNA, underlined). (B) Sequencing 
traces of RT-PCR products with base 8 
underlined. (C) The majority of tRNAs 
are edited to U8 as minisequencing 
detects extension of a primer to base 8 
in the presence of dATP but not dGTP. 
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CDATS is able to recognize 30 different tRNAs 
mainly by interacting with the tRNA acceptor stem, 
including the universal 3’-CCA end, and a flexible 
base C8. A modified sAsp3 substrate containing 
A8 instead of C8 abolished editing activity (Fig. 
2E). An A-to-I tRNA deaminase was reported to 
also perform C-to-U editing on DNA (8). As a test 
of the possibility of A-to-I editing, the same con- 
struct was transcribed with [a-*?P]ATP to generate 
a radioactively labeled A8, which was not edited 
by CDATS8 (Fig. 2E); this result indicated that 
CDATS performs only C-to-U deamination. 

The structure of CDATS8 was solved in two 
different crystal forms. CDAT8 is composed of 
three domains: an N-terminal cytidine deaminase 
domain (CDD), a central ferredoxin-like domain 
(FLD), and a C-terminal THUMP domain (Fig. 
3A). The cytidine deaminase active site has the 
signature motif His-Ala-Glu-X,,-Pro-Cys-X-X- 
Cys in which the histidine, two cysteine residues, 
and a water molecule (Fig. 3B) are involved in 
the tetrahedral coordination of zinc. The CDD of 


CDATS has the same core structure as those of 
known cytidine deaminases such as APOBEC2 
(J8) and APOBEC3G (19, 20) (Fig. 3C). How- 
ever, the CDAT8 CDD is much more compact, 
perhaps because its substrate ((RNA) recognition 
is provided by additional domains. The FLD and 
THUMP domains are highly homologous to those 
of Thil (/6) with backbone root mean square 
deviations of 2.8 and 2.2 A, respectively (Fig. 3D). 
These two domains are believed to be responsible 
for tRNA recognition by Thil, which is responsible 
for the 4-thiouridine (S*) modification at the same 
position 8 in prokaryotic tRNAs. 

CDATS forms a dimer with an extensive inter- 
action interface of >1800 A? per monomer. The 
relative orientation between CDD and the FLD 
and THUMP domains is different in the two mono- 
mers (fig. S2). This asymmetric dimer appears to 
have a rigid, defined structure, as all four inde- 
pendent dimers in two different crystal forms are 
identical. The CDATS8 dimer interface is provided 
by both the CDD and FLD. 


Dimerization of CDATS8 appears to facilitate 
the binding of tRNA and to orient it for de- 
amination at position 8. We propose a model of 
tRNA interaction in which the tRNA acceptor 
stem binds to the dimer interface, with the 3’°-CCA 
end at the THUMP domain of one monomer and 
U8 near the CDD active site of the other monomer 
(fig. S3). Because of the asymmetric dimer con- 
formation, it appears that only one catalytic site is 
oriented appropriately for catalysis. Substantial 
evidence exists for this model of tRNA binding. 
First, the THUMP domain is known to bind tRNA 
(15, 16, 21) and the CDAT8 THUMP domain is 
structurally homologous to that of Thil. Second, 
we determined that a tRNA substrate containing 
only the acceptor stem microhelix is sufficient for 
editing. Third, it has been shown that a shortened 
or blunt CCA end is deleterious to the activity of 
Thil (22). Because 30 M. kandleri tRNAs are 
edited by a single deaminase, CDAT8 must rec- 
ognize the conserved, sequence-independent fea- 
tures of tRNAs, such as the 3’-CCA overhang 


Fig. 2. C8-to-U8 editing in vitro. A tRNAM D 
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were visualized by ultraviolet shadowing. (C) Sequence and predicted secondary 
structures of the three MM. kandleri tRNA*—derived minimal substrates sAsp1, sAsp2, 
and sAsp3. (D) TLC analysis of the indicated nuclease P1—digested transcripts after 
reaction with BSA (-) for 30 min of incubation at 70° and 10 uM CDATS after 30 min 


Fig. 3. Crystal structure of CDAT8. A 
(A) The overall structure of the 
CDATS dimer (2.4 A, Rwor/Riree = 
21.6%/26.2%) shows the head-to- 
head arrangement of the cytidine 
deaminase domains. Individual mono- 
mers are displayed in red and brown 
for clarity, and the active-site zinc is 
shown as yellow and brown spheres. 
(B) The active-site zinc is coordinated 
by His“, Cys®”, Cys”, and a water 
molecule (blue). The catalytic glutamic 
acid (E46) is in close proximity to the 
active site. (C) Superimposition of 
APOBEC3G (PDB ID 3E1U, blue) onto 
the deaminase domain of CDATS (red). 
(D) Superimposition of the Bacillus 
anthracis Thil (PDB ID 2C5S) ferredoxin- 
like and THUMP domains (blue) with 


of incubation at 37°C (1), 50°C (2), or 70°C (3). The additional spots for sAsp2 are 
generated by nuclease P1 independent of CDATS8 activity. (E) TLC analysis of 
nuclease P1—digested sAsp3 or its C8A mutant (sAsp3A8) after incubation. The 
internal label ([o->P]CTP or [o-?2P]ATP) of the transcript is indicated. 


the corresponding domains in CDAT8 (red) shows a high degree of structural homology. (E) The surface electrostatics of the CDAT8 monomer show a positively charged 
groove on the enzyme surface. A model of tRNA binding (black outline) shows position 8 of the tRNA adjacent to the enzyme active site. 
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and the size and shape of the tRNA stems. 
Finally, a positively charged groove extends from 
the THUMP domain to the active site of the en- 
zyme. The width of the groove formed between 
the two monomers could provide a snug fit for 
the acceptor stem; the length of the groove en- 
sures that binding of the 3’-CCA at the THUMP 
domains places U8 adjacent to the active site of 
the CDD. 

It is possible that C8 is the result of genetic 
drift. Alternatively, C8 may be beneficial for 
M. kandleri at the level of the tRNA gene, the 
primary tRNA transcripts, or the maturation steps 
that involve folding and modification of the RNA. 
Because M. kandleri grows at extreme temper- 
atures (up to 110°C), C8 may stabilize the ge- 
nome at the tRNA gene or aid in tertiary folding 
and modification events of RNA molecules at 
such extreme conditions. Perhaps the 4-thiolation 
of U8 to S‘U8 mediated by Thil might be 
regulated by CDATS8, as C8 would not be a Thil 
substrate. A C8 may also be beneficial at the level 
of DNA, as a T8C mutation might prevent the 
interaction of tRNA genes with mobile genetic 
elements [e.g., (23, 24)] at this otherwise fixed 
and convenient target. 
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A Yeast Hybrid Provides Insight 
into the Evolution of Gene 
Expression Regulation 


Itay Tirosh,? Sharon Reikhav,”’? Avraham A. Levy,?* Naama Barkai?* 


During evolution, novel phenotypes emerge through changes in gene expression, but the genetic 
basis is poorly understood. We compared the allele-specific expression of two yeast species and their 
hybrid, which allowed us to distinguish changes in regulatory sequences of the gene itself (cis) from 
changes in upstream regulatory factors (trans). Expression divergence between species was generally 
due to changes in cis. Divergence in trans reflected a differential response to the environment and 
explained the tendency of certain genes to diverge rapidly. Hybrid-specific expression, deviating 
from the parental range, occurred through novel cis-trans interactions or, more often, through 
modified trans regulation associated with environmental sensing. These results provide insights on 
the regulatory changes in cis and trans during the divergence of species and upon hybridization. 


ver the past years, extensive variations in 

gene expression were identified between 

closely related species (/, 2). The genetic 
basis of most differences, however, remains un- 
known. Expression divergence of a specific gene 
can result from mutations in its regulatory se- 
quences, such as promoter elements (cis effects), 
or from mutations elsewhere in the genome that 
alter the abundance or activity of upstream regu- 
lators (trans effects). Distinguishing the relative 
contribution of cis and trans effects to the diver- 
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gence of gene expression is an essential step in 
elucidating its genetic basis. 

When comparing different strains of the same 
species, cis and trans effects can be approximated 
by using linkage analysis (3—5). Alternatively, for 
comparison of different species that produce via- 
ble hybrids, cis versus trans effects can be dis- 
tinguished by using the interspecific hybrid (6). 
Within the hybrid, both alleles of each gene are 
exposed to the same nuclear environment. Thus, 
differences in the expression of the two hybrid 
alleles reflect cis effects, whereas expression dif- 
ferences between the parental genes that dis- 
appear in the hybrid reflect trans effects. This 
approach was previously used to analyze several 
dozen Drosophila (6, 7), yeast (8), and maize (9) 
genes and recently also a single mammalian 


chromosome (/(), but has not yet been applied to 
a whole genome. 

We designed a microarray that enables the 
measuring of allele-specific expression in a hybrid 
of Saccharomyces cerevisiae and S. paradoxus, 
two yeast species that diverged ~5 million years 
ago (fig. S1). Hybridization of genomic DNA 
from the two parental species verified the spec- 
ificity of the microarray (Fig. 1A) and confirmed 
the lack of major variations in copy number. Bio- 
logical repeats were highly correlated [Pearson 
correlation (r) ~ 0.98], significantly more so than 
the correlation in expression between species (7 ~ 
0.85) or between the corresponding alleles within 
the hybrid (7 ~ 0.9) (Fig. 1B). 

Using the array, we measured the expression 
profiles of the two parental species and their hy- 
brid under four different growth conditions and 
quantified the relative contribution of cis and trans 
effects to the interspecies divergence (Fig. 1C). As 
expected, cis (but not trans) effects were correlated 
with sequence divergence at promoters and reg- 
ulatory elements (fig. S3), whereas trans (but not 
cis) effects were enriched with genes whose ex- 
pression was altered upon deletion of transcription 
or chromatin regulators (fig. S4 and $5). A small 
portion of the trans effects (<<1%) were enriched 
within contiguous chromosomal regions that dis- 
play correlated expression divergence, possibly 
indicating epigenetic effects (fig. S6). 

The relative contribution of cis and trans ef- 
fects to the divergence of gene expression varied 
under the different environmental conditions 
(Fig. 1D). In three of the conditions [rich media, 
heat shock, and the addition of an Rpd3p in- 
hibitor, trichostatin A (TSA)], cis effects domi- 
nated, which is consistent with previous reports 
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of Drosophila (6, 7) and mammals (/0). How- 
ever, in glycerol, on which S. cerevisiae grows 
poorly (fig. S7), the number of cis and trans ef- 
fects was comparable because of an increased 
number of trans effects. 

We compared the consistency of cis and trans 
effects among the conditions (Fig. 1E). Cis ef- 
fects were highly correlated (7 ~ 0.85), both in the 
identity of the divergent genes and the direction 
of the effect. Trans effects were more condition- 
dependent, and their number varied by approx- 
imately sixfold between conditions (Fig. 1D). 
Analysis of variance indicated that most (77%) of 
the cis effects were independent of condition, 
whereas most (67%) of the trans effects were 
condition-dependent. As a consequence of the 
consistency of cis effects, trans effects dominated 
the divergence of the transcriptional response to 
changing conditions (Fig. 1D), as has previously 
been observed for yeast strains (3). 

Previous studies showed that the expression 
of certain genes diverges rapidly across different 


Fig. 1. Mapping cis 
and trans effects. (A) 
Genomic DNA of S. 
cerevisiae and S. para- 
doxus were differentially 


evolutionary lineages (/, //), and that this pro- 
pensity for expression divergence correlates with 
the presence of a TATA box and with the lack ofa 
pronounced nucleosome-free region (NFR) adja- 
cent to transcription start sites (/2). In our data, 
we found that genes with trans (but not cis) ef- 
fects were enriched with TATA boxes, lacked 
NFRs, and displayed a high expression diver- 
gence in seven existing data sets that compared 
the expression program of different yeast strains 
or species (Fig. 2 and fig. S8). Thus, the pro- 
pensity to diverge seems to mostly reflect in- 
creased sensitivity to the divergence of trans 
regulation and not a higher sensitivity to muta- 
tions in cis. 

Trans effects could originate from functional 
divergence of the direct transcription and chroma- 
tin regulators (“regulator trans’’) or from mutations 
in upstream components involved in transducing 
environmental or internal signals to these direct 
regulators (“sensory trans”) (Fig. 3A). The diver- 
gence (in sequence or in expression) of transcrip- 
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tion regulators was not correlated with the trans 
divergence of their target genes (Fig. 3B and fig. 
S9). In contrast, the strength of trans divergence 
was strongly correlated with the variation in gene 
expression upon environmental changes [as esti- 
mated by a data set of hundreds of S. cerevisiae 
expression profiles (/3)] (Fig. 3C), which suggests 
a dominant role of sensory trans effects. 

To more rigorously distinguish between the 
regulator and sensory trans hypotheses, we exam- 
ined pairs of genes that are controlled by dif- 
ferent regulators but exhibit a similar response to 
environmental changes (Fig. 3D). If trans effects 
are due to regulator divergence, these pairs 
should diverge independently. Instead, we ob- 
served a correlated divergence for most such 
gene pairs (Fig. 3D), as was predicted by the 
sensory trans hypothesis. Similarly, divergence 
of most gene pairs that share a common regulator 
but respond differently to environmental changes 
was not correlated (Fig. 3D), which again is 
consistent with the sensory trans hypothesis. One 
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example of the impact of differential sensing is 
activation of the environmental stress response 
(ESR). S. cerevisiae grows poorly on glycerol, 
whereas S. paradoxus grows poorly during heat 
shock. Accordingly, ESR genes were activated 
more strongly in S. cerevisiae on glycerol but 


more strongly in S. paradoxus during heat shock 
and were similarly expressed at the other two 
conditions (Fig. 3E and fig. S7). Furthermore, 
such patterns of growth-correlated expression dif- 
ferences were observed for 44% ofall trans effects 
(as compared with less than 20% of the cis effects, 
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as expected by chance). The idea that most trans 
effects reflect differences in sensory signals is 
supported also by previous analyses, in which 
variations in expression of multiple genes did not 
map to transcription regulators (4) but, in certain 
cases, to signal transduction genes (3, 4, /4). 

Being upstream of the immediate regulators, 
sensory trans divergence is expected to coordi- 
nately influence a large number of genes. Muta- 
tions in cis could act to fine-tune these effects at 
particular genes (/5, 16). The interaction between 
cis and trans effects could increase divergence if 
they act in the same direction (“enhancing”; for 
example, both effects increasing the expression 
of the S. cerevisiae ortholog) or could decrease 
divergence if they act in opposite directions 
(“compensating’’) (fig. S10). Different evolu- 
tionary models make distinct predictions regard- 
ing the fraction of enhancing versus compensating 
interactions. Under complete neutrality, they 
should be equally favored. If natural selection 
acts to eliminate differences, compensating 
interactions would be favored. Finally, if expres- 
sion changes are beneficial, then enhancing inter- 
actions would be preferred. We find a significant, 
albeit small, enrichment of compensating inter- 
actions (Fig. 4A), which suggests a role of purify- 
ing selection in the buffering of gene expression 
divergence. Consistent with this, both cis and 
trans effects are underrepresented among essen- 
tial genes (fig. S11). 
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Fig. 4. Expression rewiring in the hybrid. (A) Enrichment of compensating 
over enhancing cis-trans interactions. (B and C) Examples of overexpressed 
genes with (B) or without (C) compensating cis-trans interactions, correspond- 
ing to allele-specific or common-allele overexpression, respectively. (D) Venn 
diagrams classifying over- or underexpressed genes according to their main 
contribution of hybrid-specific expression (allele-specific or common-allele 
changes) and the presence of compensating interactions. 


Compensating cis-trans interactions can gen- 
erate genetic variation that is invisible when com- 
paring the two species but is revealed after 
interspecific hybridization (/6) (fig. S10). Approx- 
imately 1 to 6% of the genes were overexpressed 
in the hybrid at each condition, displaying an 
expression that was higher than that of either 
parental species, and ~1 to 2% of the genes were 
underexpressed. Compensating cis-trans interac- 
tions were highly enriched among the genes dis- 
playing hybrid-specific expression (Fig. 4A); in 
most of these cases, only one of the hybrid alleles 
had changed in expression, whereas the other 
allele maintained an expression similar to that of 
the parental species (Fig. 4B). This is indeed ex- 
pected if hybrid-specific expression results from 
interactions between a trans component of one 
genome and the respective cis element of the 
allele from the other genome (fig. S10) (17). 

Although compensating cis-trans interactions 
were enriched in genes that displayed hybrid- 
specific expression, they accounted for only the 
minority (~20%) of such cases. More often, hybrid- 
specific expression was generated through a co- 
ordinated modulation of both alleles (Fig. 4, C 
and D), suggesting a modified trans-effect within 
the hybrid. These hybrid-specific trans-effects ap- 
pear to be dominated by sensory trans (fig. S12), 
indicating that interactions between the two ge- 
nomes alter the way in which the hybrid interprets 
its sensory signals (for example, compensating cis- 
trans interactions in sensory genes may propagate 
as hybrid-specific transeffects). Genes involved in 
respiration were highly enriched among the hybrid- 
specific trans effects (fig. S13). These genes were 
also subject to extensive divergence between the 
two parental yeasts, consistent with the idea that 
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hybrid-specific trans-effects exaggerate differ- 
ences already found between the parental species. 
Taken together, our genome-wide mapping of 
cis and trans divergence points to three main con- 
clusions. First, cis effects account for most of the 
expression divergence and are consistent across 
conditions, whereas trans effects are condition- 
specific and underlie the propensity for expression 
divergence. Second, trans effects are primarily 
attributable to differential interpretation of sensory 
signals and not to mutations in direct transcrip- 
tional regulators. Finally, parental genomes ac- 
cumulate some compensating cis-trans effects, 
which is a signature of purifying selection, and 
their unleashing in the hybrid account for ~20% of 
over-dominance expression patterns. The majority 
of hybrid-specific expression, however, resulted 
from trans effects that were specific to the hybrid. 
We have used the yeast hybrid as a tool, but 
hybridization and allopolyploidization are com- 
mon in nature. Hybrids are often incompatible 
(J8) but occasionally display beneficial pheno- 
types that are absent from the parents [hybrid 
vigor (/9)]. Further studies are required to estab- 
lish the possible connection between the expres- 
sion rewiring described in our study and the 
emergence of novel hybrid phenotypes. 
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Shaker Powder Dispensing 


Powdernium SV is a new shaker powder dispenser suitable for applications such as 
compound management, sample preparation, and reference standards preparation. 
Powdernium SV acts as a hybrid vial hopper and storage vessel that enables low-cost 
storage without the requirement to subdivide materials, helping to save precious re- 
sources. An important feature is a patent-pending valve cap that provides precision 
flow regulation and quick-access storage without cross-contamination, helping to 
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The PreDictor 96-well plates for high throughput process develop- 
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offer Assist software and additional prefilled 96-well plates. The 
extended portfolio includes Assist software for experimental setup 
and evaluation, MabSelect Xtra and Q and SP Sepharose Fast Flow 
media, anion and cation exchange chromatography (AIEX/CIEX) 
screening plates with multiple media in the same plate, and plates 
for the determination of adsorption isotherms. The Assist software 
guides the user through the experimental workflow and suggests 
an experimental design based on the type of study. PreDictor plates 
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plate, reduce experiment time, and decrease sample consumption. 
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eral chromatography media in a single plate. 
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Six new offerings have been added to the Onyx monolithic high-per- 
formance liquid chromatography (HPLC) column line, including a 150 
x 0.05 mm ID choice for proteomics research. Optimized for the low 
flow rates commonly used for liquid chromatography/mass spec- 
trometry proteomics analysis, this column delivers high sensitivity 
for biomarker discovery. Other new column sizes include a 0.2 mm 
C18 column for higher flow rates, a 150 x 0.2 mm trapping column, 
a 150 x 0.1 mm C8 column, and two ultrahigh-resolution C18 col- 
umns at 100 micron and 200 micron IDs. The permeable Onyx media 
separates viscous biological samples that clog traditional columns. 
These columns contain solid rods of fused silica and eliminate pack- 
ing issues associated with particulate media. Run times are as much 
as 50 percent faster than with traditional columns. 

Phenomenex 
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Tissue System 
With the PAXgene Tissue System, researchers can perform histology, 
immunohistochemistry, and stabilized RNA, microRNA, and DNA ex- 
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tractions from one sample. The system combines tissue fixation with 
nucleic acid stabilization. For example, a biopsy sample can be as- 
sessed by a pathologist for morphology, then the same sample can 
be used for molecular analysis. The system has two components: 
a tissue container and tissue kits. The dual-chambered container is 
prefilled with two reagents: PAXgene Tissue Fix for fast penetration 
and fixation, and PAXgene Tissue Stabilizer for storage and trans- 
port. The fixation process features a standard histocassette with a 
fixative that is an alternative to formalin and is stopped by trans- 
ferring the sample into the stabilizer. Tissue can then be paraffin 
embedded and processed in pathology workflows. After tissue has 
been stabilized in PAXgene tissue containers, RNA, microRNA, and 
DNA can be purified. 

Qiagen 

For information 001-240-686-7660 

www.qiagen.com 


Storage Tubes 

The Micronic Deluxe Starter Pack contains everything needed to 
start using two-dimensional (2D) coded sample storage tubes: an 
easy-to-use electric capper, a 2D barcode rack scanner with operat- 
ing software, two cases of racked 1.4-ml 2D coded tubes with caps, 
some manual cap removers, and a tube selector. The tubes contain 
a unique inside ring for secure sealing; the capper pushes caps into 
exactly the right depth to ensure a reliable, high-integrity seal. 
Micronic 

For information 724-941-6411 

www.micronic.com 


Pipettes 

Biohit Proline Pipettes offer lightweight design, excellent accuracy 
and precision, and a three-year warranty. Most models are available 
with Safe Cone Filters. They are made following good manufactur- 
ing practices to ensure traceability. They cover a volume range from 
0.1 pl to 5 ml with eight adjustable single-channel models and eight 
adjustable multichannel models. They are also available in fixed-vol- 
ume single-channel models. 

Biohit 

For information 800-922-0784 

www.biohit.com 
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> Seattle Childrens 


Neurological Surgery 
Associate Professor / Professor 


The recently established Center for Neuroscience at the Seattle Children’s Research Institute invites 
applications for a full-time faculty position, with the University of Washington School of Medicine 
Department of Neurological Surgery, at the rank of Associate Professor or full Professor, without 
tenure. Qualified applicants should be established investigators who are applying techniques of 
molecular, genetic or cellular biology to study mechanisms underlying hydrocephalus. The Center 
for Neuroscience at the Seattle Children’s Research Institute’s research vision is to restore children’s 
health through a mechanistic understanding. The applicant’s area of research interest should be 
complementary to the interests of current faculty working on various areas of neuroscience and 
bioengineering. Researchers interested in understanding CSF hydrodynamics, choroid plexus func- 
tion, neuroendocrinology, brain metabolism, blood brain barrier function, brainstem neurobiology 
and proteomics research are particularly encouraged to apply. The successful candidate must have 
a M.D. and/or Ph.D. degree and have active nationally funded research grants. Level and salary 
will be based on applicant’s qualifications and experience. Responsibilities of the position include 
development of an independent, extramurally funded research program, establishing a hydrocephalus 
section within the Center for Neuroscience and mentoring graduate and post-doctoral students and 
junior faculty investigators. 


This position is open until filled. Address any inquiries to Dr. Jan-Marino Ramirez, Center Director, 
at nino.ramirez@seattlechildrens.org. Please send CV, a statement of current and future research 
interests and the names and contact information of three references to: Wendy Kramer, Seattle 
Children’s Research Institute, 1900 Ninth Avenue, M/S C9S-9, Seattle, WA 98101. 


For more information about Seattle Children’s Research Institute, please visit: 
http://research.seattlechildrens.org. 
All University of Washington faculty engage in teaching, research, and service. 
The University of Washington is an Equal Opportunity/Affirmative Action Employer. 
Women and minorities are encouraged to apply. 
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Philadelphia College of Osteopathic Medicine (PCOM) brings to light a rich tradition of excellence in education and leadership. Work in 
an atmosphere and culture that is open and receptive to fresh ideas and new perspectives. Here, sparked by ideas and innovations that 
continue to shape the future of osteopathy, a myriad of professionals turn Ambition into Accomplishment. 


Faculty Position: Anatomical Sciences 


The Ga. Campus- Philadelphia College of Osteopathic Medicine, invites applications for a full-time tenure track position 
at the level of Assistant/Associate Professor. Teaching responsibilities will be in Medical Gross Anatomy (cadaver based) 
and Histology. Experience in related anatomical sciences such as embryo, neuroscience/anatomy appreciated. 
Applicants must have a Ph.D., D.0., M.D., or equivalent degree; post doctoral and some teaching experience preferred. 
Scholarly pursuit is expected. 
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Candidates should send CV and Letter of Interest to: Philadelphia College of Osteopathic Medicine, Human POOM 
Resources Department, 4190 City Avenue, Philadelphia, PA 19131, Fax 215-871-6505 or email: hr@pcom.edu EOE ~WWW.PCOM.EDU 
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VACCINES 


Novartis Vaccines and Diagnostics is a division of 
Novartis focused in the research and development of pre- 
ventive vaccines. The Novartis Vaccines Research Center 
located in Siena (Italy) with its 225 scientists is among the 
most esteemed vaccine research environments worldwide 
and is responsible for the creation of most of the vaccines 
that are currently part of the Novartis pipeline. Novartis 
vaccines scientists pioneered the “reverse vaccinology” 
approach to develop several vaccine candidates including 
the first potentially broad coverage meningitis B vaccine 
currently in phase Ill clinical testing. 


HEAD OF UNIT IN VIVO IMMUNOLOGY 

A position is available in the Immunology Function to lead 

the In vivo Immunology team. The candidate will report 

directly to the Head of the Immunology function and will 

supervise a team composed of senior scientists, post- 

docs and PhD students. The In vivo immunology Unit is 

responsible for the immunological characterization of 

novel candidate vaccines in pre-clinical models. The suc- 

cessful candidate will work across a matrix environment 

with constant inter-actions with project leaders and other 

functions. The ability to manage a team and a strong 

background of mouse immunology are required. 

Requirements: 

e PhD with about 5+ years of post-doctoral experience in 
the field of Immunology 

e Publication record in mouse immunology 

e Previous experience as Lab head or Project leader 

e Qualified experience in animal models of infection 

Preferred qualifications: 

e Previous experience in Vaccine discovery and development 

Location: Siena. In addition to an attractive salary package, 

Novartis Vaccines & Diagnostics offers extensive reloca- 

tion support. For an application please e-mail to 

applications.nvdit@novartis.com 
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SCIENTIST-CELLULAR IMMUNOLOGIST 

A Scientist position is available in the In vitro Immunologi- 

cal assay Unit. The Unit is responsible for developing and 

running cellular assays, particularly in the area of lympho- 

cyte and Dendritic cell biology. The successful candidate 

will be a laboratory scientist with a strong background in 

Immunology and good knowledge of Immunological meth- 

odologies. He/she will work independently within the Im- 

munology group and across a matrix environment as part 

of a multidisciplinary research team focused on the dis- 

covery and development of novel vaccine candidate and 

adjuvants. The ability to work in a team with co-workers 

and outside collaborators and to present data to project 

teams are required. The successful candidate will be in 

charge of his/her own research project and, depending 

on his/her previous experience, may also be responsible 

for junior scientists/PhD students. 

Requirements 

e PhD degree with research focus in Immunology or re- 
lated discipline 

e Experience in molecular and cell biology 

e In-depth understanding of immunology 

e Team player with well-developed interpersonal abilities 

e Excellent communication skills in English 

Preferred qualifications: 

e Post-doctoral experience in the area of cellular and/or 
molecular immunology 

e Aproven ability to perform flow cytometry assays of cel- 
lular activation and function (ex-vivo and in-vitro). 

e Experience of designing in-vitro cellular assays and/or 
in-vivo experiments 

Location: Siena. In addition to an attractive salary pack- 

age, Novartis Vaccines & Diagnostics offers extensive 

relocation support. For an application please e-mail to 

applications .nvdit@novartis.com 
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your job at TUDelft 


Junior & Senior Faculty for 


New Dept. of Bionanoscience 


Faculty: Applied Sciences 
Term of contract: Tenure track or tenured 


An entirely new Department of Bionanoscience dedicated to 
research at the interface between nanoscience, synthetic 
biology, and cell biology will be established at the renowned 
Dutch university TU Delft. It will focus on single cells in all 
their complexity down to the molecular level, from both 
fundamental scientific and application points of view. The new 
activities will extend the current nanoscience research themes 
at the Kavli Institute of Nanoscience (www.ns.tudelft.nl) and the 
life sciences and biotechnology themes at the Kluyver Centre. 
The current biophysics core group (www.ns.tudelft.nl/mb) is 
very internationally oriented and has an excellent record in 
single-molecule nanoscience. The current faculty include 
Cees Dekker, Nynke Dekker, Juan Keymer Vergara and 

Serge Lemay. Excellent facilities are already available, and 

the planning for a new, state-of-the-art building for the 
Biotechnology, Chemistry and Bionanoscience departments 

is in its final stages. 


We aim to attract about 15 top scientists at all levels from junior 
to senior faculty in a variety of disciplines. Research subjects can 
cover, but are not limited to, the following topics: 1) Biology and 
biophysics at the level of the single cell, 2) Molecular/structural 
biology and biochemistry, 3) Synthetic biology, 4) Theoretical 
biology and biophysics, 5) Single-molecule biophysics and 
high resolution microscopy, 6) Nanoprobes, nanomedicine, 
and bionanoapplications. 


We look for researchers with an outstanding track record in the 
disciplines mentioned above, with a pioneering mentality, people 
who are at ease with scientific and engineering challenges and 
who through their research, management skills and teaching 
qualities can inspire co-workers and students alike. The successful 
candidates will be expected to establish a strong, externally 
funded research programme, and be committed to excellence in 
teaching at the undergraduate and graduate levels. 


Information and application 
For more information about the job and procedure you can 


visit our website: www.bn.tudelft.nl 


www.bn.tudelft.nl 
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ITC Faculty Position A 
Associate/Assistant Professor 
ACH 48507 


The Immunotherapy Center and Department 

of Medicine at the Medical College of Georgia 

seek applicants for a faculty position primarily 
focused on basic research related to inflammatory processes linked 
to disease syndromes. The successful applicant will join an estab- 
lished research program dedicated to studying counter-regulatory 
and immune tolerance mechanisms, and using this knowledge to 
develop novel immunotherapies to improve clinical outcomes. 
Current research topics include fundamental studies on immune 
tolerance mechanisms, and assessing the contribution of tolerance 
mechanisms to chronic inflammatory diseases such as cancer, infec- 
tious and autoimmune diseases and transplant survival. Applicants 
should have a PhD or MD/PhD and a documented record of pro- 
ductivity in an area of basic or clinical immunology research that 
supplements or complements these research topics. Preference will 
be given to candidates with established research programs, although 
applications from exceptional younger investigators will be consid- 
ered. The successful applicant will hold joint appointments in the 
Immunotherapy Center and the Department of Medicine, and will 
have access to exceptional core research facilities (listed at http: 
//www.mcg.edu/Core/Labs/) and laboratory space. 


For further information please contact: Andrew Mellor, PhD, Direc- 
tor of the Immunotherapy Center (amellor@mcg.edu) Medical 
College of Georgia, Augusta, GA 30912-3220. 


The Medical College of Georgia is an EEO/AA/Equal Access 

Employer, and is a growing state-supported academic medical 

center located in a historic city with outstanding recreational 
and lifestyle opportunities. 


ITC(IDI) faculty position B — Associate 
Professor/Professor — ACH 51226 


The Immunotherapy Discovery Institute (IDI) at 

the Medical College of Georgia seeks exceptional 

candidates for a senior faculty position to promote 

translational research related to an aspect of chronic 

inflammatory disease syndromes. The successful 
applicant will have the opportunity to work with established research teams 
in the MCG Immunotherapy Center and clinical faculty in the Department 
of Medicine. An endowed chair is available for exceptionally qualified indi- 
viduals with a proven track record of productivity in translational medicine 
related to immunotherapy in any of the following clinical areas, autoim- 
mune, allergic and infectious diseases, transplantation, vaccine design and 
development. Investigators in the MCG Immunotherapy Center are studying 
immune counter-regulatory and tolerance mechanisms, and are developing 
novel immunotherapies to improve clinical outcomes such as the use of novel 
vaccine adjuvants to treat cancer patients. Current research topics include 
fundamental studies on immune tolerance mechanisms, and assessing the 
contribution of such mechanisms to chronic inflammatory diseases such as 
cancer, infectious and autoimmune diseases and tissue transplant survival. 
Applicants should have a MD or MD/PhD and a documented record of pro- 
ductivity in an area of clinical immunology research that complements these 
research strengths. Preference will be given to candidates with documented 
experience of promoting clinical research and managing early phase clinical 
trials. The successful applicant will hold joint appointments in the Immuno- 
therapy Discovery Institute and the Department of Medicine, and will have 
access to exceptional core research facilities (listed at http://www.mcg.edu/ 
Core/Labs/) and laboratory space. Generous start-up packages are available 
to support this recruitment. 


For further information please contact: Andrew Mellor, PhD, co-Chair 
Immunotherapy Discovery Institute (amellor@mcg.edu), Medical Col- 
lege of Georgia, Augusta, GA 30912-3220. 


The Medical College of Georgia is an EEO/AA/Equal Access Employer, 
and is a growing state-supported academic medical center located in a 
historic city with outstanding recreational and lifestyle opportunities. 
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Institute of Advanced Study 
2010/11 Distinguished and Fast-Track Fellowships 


The IAS is an ideas-based institute launched in October 2006 as a forum for 
world-class multi- and interdisciplinary debate. The Institute seeks to catalyse 
new thinking on major annual themes through critical dialogue between gifted 
individuals from different professional and academic backgrounds. The theme 
for 2010/11 is “Futures”, interpreted in its broadest sense - scientifically, 
symbolically, legally, philosophically, literarily, politically, economically and 
sociologically. Applications are now invited for up to 20 funded, three-month 
fellowships (October-December 2010 and January-March 2011) most, though 
not all, of which will be linked to the annual theme. Applicants may be scholars, 
writers, artists or thinkers/practitioners from any discipline and from anywhere 
in the world. Distinguished and fast-track fellowships are available: both 
include stipend, travel, accommodation, subsistence and costs associated 
with replacement teaching or loss of salary (where appropriate). 


Further particulars are available from the IAS website www.dur.ac.uk/ias 
Further details of the 2010/11 Futures theme can also be found here. 
Informal enquiries with the Directors of the Institute can be made via 
Catherine Paine, the IAS administrator: Tel: +44(0)191 334 2589 or 
email: catherine.paine@durham.ac.uk 


Closing date for applications is Sunday 14 June 2009. 


Appointment of Senior Research Administrator 
Office of the Deputy President (Research and Technology) 
National University of Singapore 


The Office of the Deputy President (Research & Technology) at NUS 
(Website: http://www.nus.edu.sg/dpr/) is responsible for facilitating, 
regulating and developing research and technology in a wide range 
of disciplines and cross-disciplinary areas. We now seek to appoint 
a senior experienced research administrator to facilitate and simplify 
the functions of the Division of Research Administration (DRA). DRA 
administers research grants from government, industry and other 
bodies. DRA presently has 14 employees and in 2008 administered 
over 500 grants. 


Responsibilities 

1. To develop a strong administrative organisation that is “researcher 
focused”, blending flexibility with accountability. 

2. To lead the implementation of computerised grant handling 
systems that simultaneously serve the needs of researchers and 
the administrative requirements of NUS Senior management. 

To take a leading role in reorientating the policies of DRA to create 
a strong customer focus. 

To assist the Deputy President (Research & Technology) in 
engaging with supporters of NUS research. 


The successful candidate will have wide experience of research 
management in academia, industry and/or granting bodies. Salary is 
commensurate with experience and qualifications. 


Applications (with a full CV and names of at least three referees) and 
informal/confidential enquires can be sent to: 


Professor Barry Halliwell 

Office of the Deputy President (Research and Technology), NUS 
University Hall, Lee Kong Chian Wing, UHL #05-02H 

21 Lower Kent Ridge Road, Singapore 119077 

Email: bchbh@nus.edu.sg 


Closing date for applications: 15 June 2009 


GB pniversity at Buffalo 

The State University af New York 

Faculty Position in Department of Exercise and 
Nutrition Sciences 


The Department of Exercise and Nutrition Sciences, School of Public Health 
and Health Professions University at Buffalo, State University of New York, is 
seeking candidates (1-2) for 10-month tenure-track faculty positions at the 
Assistant Professor level. The start date is negotiable. 


Qualifications: Candidates should have an earned Ph.D. or equivalent in a 
discipline relevant to exercise and/or nutrition sciences. Postdoctoral research 
experience is strongly preferred. A record of achievement in research with 
publications in high quality journals is expected. The candidates’ research 
should complement existing departmental research strengths in biomechanics, 
exercise physiology, or nutrition. The candidates’ academic goals should 
embrace the school’s mission to improve the health of populations, 
communities, and individuals through disciplinary and interdisciplinary 
education, research, and service. 


Duties 


. Develop and maintain an independent scholarly research program that will 
attract external funding and enhance student recruitment. 


. Teach undergraduate and/or graduate required courses consistent with the 
department needs and candidates’ expertise. 


. Advise and mentor students at the master’s and doctoral levels. 


4. Perform service to the department, school, university, and profession consistent 
with the mission of the School of Public Health and Health Professions. 


Candidates should submit 1) a letter of application, 2) a curriculum vitae, 
3) a brief statement of future research plans, and 4) the names and contact 
information for three references to: 


https://www.ubjobs.buffalo.edu Posting (#0900141) 


The University at Buffalo is an Equal Opportunity/Affirmative Action Employer. 
The Department of Exercise and Nutrition Sciences is interested in identifying 
prospective minority and women candidates and professionals with disabilities. 
Qualified individuals with a disability may request needed reasonable 
accommodation to participate in the application process. No person in 
whatever relationship with The State University of New York shall be subject to 
discrimination on the basis of age, creed, color, disability, national origin, race, 
religion, ethnicity, gender, sexual orientation, marital or veteran status. 


University of Zurich 


Medical College of Wisconsin/ 
Children’s Hospital of Wisconsin 


Pediatric Endocrinology 


The Section of Endocrinology within the Department of Pediatrics at the 
Medical College of Wisconsin, in conjunction with the Children’s Hospital 
of Wisconsin, Children’s Research Institute is seeking candidates for 
faculty positions within the Max McGee National Research Center for 
Juvenile Diabetes. The Center is closely affiliated with the high-volume 
Diabetes Clinic at Children’s Hospital of Wisconsin as well as the Human 
and Molecular Genetics Center at The Medical College of Wisconsin. We 
focus on using state-of-the-art analysis platforms to better understand the 
pathogenesis of type 1 diabetes, with a strong emphasis on translational 
research. Opportunities for collaborative research with clinical and basic 
scientists within the section, as well as with other faculty within the Medical 
College of Wisconsin, are excellent. Children’s Hospital of Wisconsin is 

a large and successful freestanding children’s hospital that was recently 
ranked #3 in the nation by Parents magazine. Metro-Milwaukee is a 
lakeshore community of 1.5 million located 90 miles north of Chicago. 


Candidates should have training, experience, and active research programs 
within the field of immunology related to type 1 diabetes or the field of 
pancreatic beta cell biology. We are seeking highly productive candidates 
with successful track records in the procurement of extramural funding 

and participation in collaborative research programs. Eligible candidates 
are expected to hold a Ph.D. or M.D./Ph.D. (or equivalent), and proven 
excellence and productivity in research. Highly competitive start-up 
packages will be provided to facilitate program development. Please submit 
resumes to: 


Martin J. Hessner, Ph.D., Associate Professor 
Medical College of Wisconsin 

Department of Pediatrics 

8701 Watertown Plank Road, Milwaukee, WI 53226 
e-mail: mhessner@mew.edu, Fax: 414-456-4496 
Or apply online: www.mew.edu/careers 
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Children’s Specialty Group” 


The Faculty of Science at the University of Zurich invites 


applications for a 


Professorship 
in Ecology and Evolution 


We seek outstanding, innovative applicants with a record of 
excellence in research, who have proven their ability to develop 
and apply novel or interdisciplinary concepts in ecology and 

evolution. Areas of interest include, but are not limited to, 


evolution of complex traits, speciation, evolution of develop- 


ment, population or quantitative genetics, ecophysiology, 
biodiversity, or species interactions. 


The successful candidate is expected to develop a strong, 
independent research program, attract external funding, and 
contribute to graduate and undergraduate teaching. The 
position is open rank (tenure-track assistant professor to full 


professor). 


Zurich offers a stimulating scientific and cultural environment, 
including a rich spectrum of research activities in life sciences 
and medicine, and provides extensive opportunities for colla- 
borations with research groups at the Faculties of Science 
and of Medicine of the University of Zurich, as well as teams 
at the nearby ETH Zurich. 


The University of Zurich provides generous research support, 
including earmarked funds for personnel and running expenses, 


and competitive start-up packages. 


Applications should include a curriculum vitae, a publication 
list, a summary of present and future research interests, and a 


vision statement that outlines major unsolved problems in the 
field and how they could be tackled by the planned research. 
Documents should be sent, together with names and addresses 


of three potential referees, to Prof. Michael Hengartner, 
Dean of the Faculty of Science, University of Zurich, 
Winterthurerstrasse 190, CH-8057 Zurich, Switzerland by 
June 15, 2009. 
The application material should be submitted as a single PDF 


file to jobs@mnf.uzh.ch. For further information, please contact 
Prof. Lukas Keller at lukas.keller@zm.uzh.ch. 
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Associate/Full Professor Positions 
At Nanjing Medical University 


Position Summary: 


Nanjing Medical University is located in Nanjing, the scenic capital of 
Jiangsu Province, China. It is an independent set of well-known medical 
institution and has developed rapidly in scientific research and personnel 
training in recent years. In order to accelerate the development of our 
University, we are searching for colleagues to join our University at the 
associate or full professor level. Opportunities are available in all areas 
including Oncology, Regenerative Medicine, Reproductive Medicine, 
Genetics, Cell Biology, Pathogen Biology, Immunology, Pharmacology, 
Physiology, Forensic Science, Human Anatomy, Histology and 
Embryology, Pathology, Microbiology, Biochemistry and Molecular 
Biology, Epidemiological and Health Statistics, Occupational Medicine 
and Environmental Health, Public Health and Preventive Medicine, 
Nutrition and Food Hygiene, Pharmaceutical Chemistry, Pharmacy, 
Pharmaceutical Analysis and Clinical Medicine, and Nursing. 


Requirements/Qualifications: 


. Has been working as Assistant Professor in University abroad or 
has completed post-doctoral training with outstanding academic 
records. 


For more detailed information, please visit the following website: 
http://rcyj.njmu.edu.cn. 


Contact: 


Mr. Hanzhan Gu 
Department of Human Resouce, Nanjing Medical University 
140 Hanzhong Road, Nanjing, Jiangsu Province, 210029, The 
People’s Republic of China 
Tel/Fax: 86-25-86862642 Email: ghz@njmu.edu.cn 


INSTITUT DE PHYSIQUE DU GLOBE DE PARIS 


Earth - Planets - Environnement - Natural Hazards 


DIRECTOR 


The Institut de Physique du Globe de Paris 
(IPGP) is seeking applications for the 
position of Director of IPGP, which will begin 
October 1, 2010. 


INSTITUT DE PHYSIQUE 
DU GLOBE DE PARIS 


The IPGP is the largest institute of Earth Sciences in France and also 
one of the largest in Europe. The Institute conducts research and 
education in geology, geophysics, geochemistry and the environmental 
sciences. It is in charge of monitoring the three active French volcanoes 
(Guadeloupe, Martinique, La Réunion) through its volcanic and seismo- 
logic observatories. It is also in charge of the magnetic observatory of 
Chambon-la-Foret (international INTERMAGNET network) and the 
global seismological network GEOSCOPE. IPGP currently employs 
about 300 permanent researchers and staff. There are in addition some 
200 MSc and PhD students, post-docs and visitors. 

The Director will be responsible for supervising the Institute’s research 
and teaching activities, including general administrative tasks, and 
conducting negotiations with national and European funding agencies. 
The Director is also the chair of the Institute’s scientific Council, whereas 
the IPGP Board is chaired by a scientist from outside IPGP. 
Candidates are expected to be highly accomplished scientists. They will 
be evaluated on the basis of their academic record in research and 
teaching, their experience in management, and their vision for the future 
of IPGP. Interested candidates should submit a two-page vision 
statement, their Curriculum Vitae and names of three individuals who 
are willing to be contacted references. 


Applications must be received by June 15, 2009. 


Application materials should be sent to: 
Lydia Zerbib - IPGP General Secretary, Institut de Physique du Globe 
4 Place Jussieu, 75252 Paris Cedex 5, France 
E-mail: zerbib@ipgp.fr - www.ipgp.fr 
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Faculty of Mathematics and Natural Sciences 
Two Tenure Track Positions in Experimental Physics 


The Faculty of Mathematics and Natural Sciences of the University of 
Groningen is seeking applications and nominations for two tenure track 
positions (assistant professor) in experimental physics. The Faculty offers 
Bachelor, Master and Ph.D. programmes over the entire range of natural 
sciences. The research in the Faculty is organized in research institutes. 
The vacancy exists within the Zernike Institute for Advanced Materials, 
which unites 21 research groups in physics, chemistry, and biology. The 
Zernike Institute is one of six recognized National Centres of Excellence 
in The Netherlands. Its mission is design and functionality of novel 
materials, with a focus on understanding and control at the microscopic 
level. The Institute thrives on a strong interdisciplinary nature of its 
research programme and frequent collaborations between its various 
groups. The two open positions are: 


¢ Position 1: Condensed Matter Science with specialisation in 
ultrafast X-ray science 


¢ Position 2: Surface Science with specialisation in scanning tunneling 
microscopy 


The complete text of the advertisements can be found on the website 
of the Zernike Institute for Advanced Materials at: http://www.rug.nl/ 
zernike/vacancies/atmsc/ocmp (position 1) and http://www.rug.nl/ 
zernike/vacancies/atmsc/SurfaceScience (position 2) 


Review of applications will begin May 31st, 2009, and will continue until 
both positions are filled. Applications in hard copy should be addressed 
to: Head of Personnel Department, University of Groningen, P.O. Box 
72, 9700 AB Groningen, The Netherlands; by E-mail (Word or PDF) to: 
m.h.derix@rug.nl. When applying for one of these jobs please mention 
the vacancy number which you can find on the websites. 


VP of Stem Cell Research and Development (Asia) 
This position will be based in Beijing China. 
Responsibilities: 

* Work closely with US Biotechnology senior management and scien- 
tific staff to establish and execute specific R&D programs and proce- 
dures. 

Manage the company’s research directions in the Beijing lab, including 
overall technology strategies, research goals and research budgeting. 
Act as primary scientific liaison in China for communications with US 
research team and be responsible for bidirectional technology transfer 
to/from US Boston Lab. 
Establish leadership role in establishing academic collaborations with 
leading institutions in China involving company’s stem cell technolo- 
gies. 
Manage china external collaborations including selecting collaborators, 
setting up collaboration terms and goals. 
Conduct direct communications with granting agencies including 
government and private foundations to obtain support/approval for 
our stem cell research. 
Publish research findings in top-tier scientific/medical journals or give 
presentations at meetings in line with the company’s confidentiality 
policy. 

Skills and Experience: 

¢ Independent investigator status with > 5 years of adult stem cell 

research. 

Evidence independent grant support. 

Strong evidence of laboratory and personnel management skills. 
Strong publication record in stem cell science with publications in 
international peer-reviewed journals. 

Fluent Mandarin Chinese and English, both spoken and written. 
Evidence of ability to establish quality standards for translational 
research and clinical activities. 

Demonstrated ability to work in a team environment. Excellent inter- 
personal and communication skills. 


Please send cover letter and resume to beijingcareeropportunity@ 
gmail.com or call (212) 584-4181 with any questions. 


Ngonnee 


NATIONAL LABORATORY 


DIRECTOR, ACCELERATOR 
SYSTEMS DIVISION 


ARGONNE NATIONAL 
LABORATORY 


The Accelerator Systems Division (ASD) at 
Argonne National Laboratory is one of three 
divisions comprising the Advanced Photon 
Source (APS), the highest energy accelerator- 
based source of x-rays in the western 
hemisphere. 


Argonne invites applicants for the position of 
Director of ASD to provide technical and 
scientific leadership for effective operations 
and future development of APS accelerator 
systems. ASD is responsible for the reliable 
and high performance operation of the APS 
accelerator complex, and ensuring that the 
APS remains at the forefront of hard x-ray 
science in both the near and long term. 


A primary responsibility of the division is the 
day-to-day operation of the APS accelerator. 
ASD has approximately 100 people in groups 
responsible for the operations, maintenance 
and development of diagnostics, power supply 
systems, rf systems and undulator systems. 
The division also has the APS Accelerator 
Physics and Operations group which is 
responsible for control room operations and 
the analysis of operational data. In addition to 
these operational duties, ASD is responsible 
for all accelerator-based R&D at the APS, 
focusing on both near-term needs of the APS, 
and longer-term, fourth-generation facility 
upgrades, which could be Free Electron Laser 
or Energy Recovery Linac based. 


This position requires an_ internationally 
recognized reputation in the field of accelerator 
science and technology, a relevant Ph.D., and 
15+ years of relevant experience in research 
and management roles. The successful candidate 
should have demonstrated leadership and 
management abilities, and a proven track 
record in a combination of design, construction 
and operation of accelerator-based facilities. 
The candidate should also have a basic 
knowledge of beam dynamics and accelerator 
systems including diagnostics, power systems, 
rf and superconducting rf, and possess the 
ability to articulate a vision for accelerator 
R&D at the APS. 


Argonne offers an excellent compensation 
and benefits package. Interested candidates 
should send curriculum vitae, list of publications 
and patents, professional references, and 
salary history to asdsearch @anl.gov. 


Argonne National Laboratory is a multi- 
program laboratory managed by UChicago 
Argonne, LLC for the U.S. Department of 
Energy’s Office of Science. Argonne’s site is 
located about 25 miles southwest of Chicago 
on a beautiful 1,500-acre campus. For additional 
information, please refer to Argonne’s home 
page at www.anl.gov. 


Argonne is an equal opportunity employer, 
and we value diversity in our workplace. 


FLORIDA 
INTERNATIONAL 
UNIVERSITY 


TENURE TRACK POSITION 
ASSISTANT AND/OR ASSOCIATE/FULL PROFESSOR 
ROBERT STEMPEL COLLEGE OF PUBLIC HEALTH AND SOCIAL WORK 


Florida International University is ranked as a Research University in the High Research Activity category 
of the Carnegie Foundation’s prestigious classification system. Our mission is to enhance the public’s 
health by conducting innovative research, training future leaders and health professionals from diverse 
backgrounds, translating research into policy and practice, and serving our local communities as well as 
communities around the world, especially Latin America and the Caribbean. 


Qualifications: Candidate must possess a Ph.D., M.D. or the equivalent and postdoctoral experience in 
environmental genomics, molecular epidemiology, human genetics, or a related area. Extensive 
experience in the broad field of genomics including proteomics and bioinformatics is desired. The Search 
Committee is especially interested in receiving applications from individuals experienced in 
interdisciplinary collaborative research with interests in assessment of gene-environment interactions, 
molecular epidemiology and toxicogenomics of human diseases. We welcome candidates with experience 
in evaluating intermediate biomarkers of effect and in examining the health, especially respiratory, 
cardiovascular, diabetes, reproductive/developmental, and cancer endpoints. 


Duties and Responsibilities: The candidate will be expected to develop his/her own research program in 
environmental genomics, obtain competitive research funding, and engage in collaborative research with 
other faculty in the department as well as within the College of Public Health & Social Work and College 
of Medicine. Responsibilities also include teaching, advising graduate students, and serving on doctoral 
committees. The selected candidate will have the opportunity to participate in ongoing research with 
multidisciplinary researchers, and will be expected to develop and maintain an original, creative and 
independent research program in genetic or molecular environmental epidemiology with evidence of high 
quality and productivity. This requires publications in high impact peer-reviewed journals and demonstrating 
the potential for successful submission and management of investigator-initiated grant proposals. 
Applications and Nominations: Applicants must submit the following material: letter of application that 
confirms applicant’s interest in the position and addresses qualifications, including description of 
research; complete curriculum vitae; undergraduate and graduate transcripts, and documentation of the 
doctoral degree; representative publications, and at least three letters of recommendation. 

The selection and review process will begin on April 2, 2009, and will remain open until the position is 
filled. To apply please visit us on-line at www.fiujobs.org and reference position #41663. 


FIU is an Equal Opportunity/Equal Access Employer and Institution. 


University of California —- Santa Barbara 
Dean of the College of Engineering and Richard A. Auhll Professor 


The University of California at Santa Barbara invites nominations and applications for the posi- 
tion of Dean of the College of Engineering and Richard A. Auhll Professor. We seek an individual 
with an outstanding record of scholarly achievement who is appropriate for appointment as a full 
Professor and holder of an endowed chair in the UC system. We also seek an individual with vision 
and creative leadership abilities, demonstrated credentials in administration, and an established 
national and international reputation within the broader engineering community. The College of 
Engineering at UCSB has grown rapidly, both in the size and stature of our academic programs, and 
the successful applicant will be expected to provide the direction, inspiration and administrative 
ability to continue and expand upon these developments. In addition to the attributes mentioned 
above, desirable qualifications include: a broad appreciation and perspective for all fields of engi- 
neering and the physical and life sciences; experience in development; and a demonstrated ability 
to interface effectively with industrial, governmental and educational institutions. The University 
is especially interested in candidates who can contribute to the diversity and excellence of the 
academic community through research, teaching, or service. 


The College is renowned for its high level of collaborative activity, as exemplified by the large 
number of interdisciplinary research centers and interactions within both the College and the rest 
of campus. The College contains five academic departments: Electrical and Computer Engineer- 
ing, Mechanical Engineering, Chemical Engineering, Computer Science, and Materials. Of its 146 
faculty members, 27 are members of the National Academy of Engineering, 8 are members of the 
National Academy of Sciences, 3 are Fellows of the Royal Society, 2 are Nobel Laureates, 1 is a 
recipient of the Millennium Technology Prize, | is a recipient of the National Medal of Technol- 
ogy, and 1 is a Fellow of the Royal Academy of Engineering. Total annual extramural funding for 
research in the College has grown to over $57 million in 2007-2008. 


All inquiries, nominations and applications will be held in strictest confidence. Applications should 
include a letter of interest, curriculum vitae, and the addresses and telephone numbers of three refer- 
ences. Screening will begin June 1, 2009, and will continue until the position is filled. Inquiries, 
nominations, and expressions of interest should be submitted to: Professors Linda Petzold and 
Edward Kramer, Co-Chairs, Search Committee for the Dean of the College of Engineering, 
c/o Kathy Upton, Office of Academic Personnel, Cheadle Hall 4105, University of California, 
Santa Barbara, Santa Barbara, CA 93106-2034. 


UCSB is an Equal Opportunity and Affirmative Action Employer and Educator. 
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The new Brain Institute at 

the Mount Sinai School of 
Medicine is seeking outstanding Department 
of Neuroscience and Department of Neurology 
tenure-track or tenured candidates at any 
rank. Brain Institute faculty interact with 
multidisciplinary colleagues from basic and 
clinical departments, to perform collaborative 
research with the translational goal of 
protecting and repairing the nervous system. 


We seek outstanding candidates with active 
research programs preferably in the areas of: 
neurobiology of memory, cognitive function, 
synaptic plasticity, movement disorders, 
cerebrovascular disease, addiction, depression 
and schizophrenia utilizing multiphoton 
imaging in slices or in vivo, to address both 
structural and functional questions. 


Applicants should send a CV, letter of 
2 application and the names of three potential 
referees to Dr Susan Wearne, Brain 
Institute Search Committee, Department 
of Neuroscience, Mount Sinai School of 
Medicine, One Gustave L. Levy Place, 
Box 1065, New York. NY. 10029-6574. 
An electronic copy of the CV and letter 
Blaaas | of application should be emailed to marie. 
—-= kopp@mssm.edu. EOE 


University of California, Davis 
M.I.N.D. Institute 


Director 


The University of California, Davis, is searching for a Director of the Medical 
Investigation of Neurodevelopmental Disorders (M.I.N.D.) Institute. This is 
a tenured, ladder rank position with a state FTE. The individual selected will 
also hold the Tsakopoulos-Vismara Endowed Chair. The M.I.N.D. Institute is 
a multidisciplinary research and clinical center that focuses on the causes and 
treatment of neurodevelopmental disorders such as autism, Fragile-X Syn- 
drome, ADHD, Tourette Syndrome, 22q deletion syndrome and other disor- 
ders. The M.I.N.D. Institute is located on the main medical school campus in 
Sacramento and consists of a state of the art basic science research building 
and a clinical research, assessment and education building. Approximately 32 
faculty and an additional 250 staff work at the Institute. 


The search committee is looking for a visionary leader who could develop and 
refine the direction for the M.I.N.D. Institute for the next decade. The candidate 
should have a background in fundraising activities and building community 
relationships. The candidate should also be committed to fostering diversity 
among faculty and staff. The successful candidate should be a prominent N.I.H.- 
funded investigator whose research has focused on neurodevelopmental disor- 
ders. It is preferable that the candidate be a physician who is license eligible 
in the State of California; however, applications from Ph.D. investigators will 
also be considered. The candidate should have had significant leadership and 
administrative experience directing a center, department or clinical service. A 
history of mentoring junior faculty and facilitating interdisciplinary approaches 
to research are also highly desirable attributes. 


For more information, please review the M.I.N.D. Institute’s website at http: 
//Iwww.ucdme.ucdavis.edu/mindinstitute/ or contact the search committee 
chair, Robert E. Hales, M.D. at rehales@ucdavis.edu. For full consideration, 
applications must be received by September 30, 2009. Position is open until 
filled, but no later than April 1, 2010. Interested candidates should email a 
curriculum vitae and letter of interest in response to Position #AD-01R-09 to 
Megan Rott at megan.rott@ucdmce.ucdavis.edu. 


In conformance with applicable law and University policy, the University of 
California, Davis, is an Equal Opportunity/Affirmative Action Employer. 
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Faculty Positions 


The Soochow University, founded in 1900 in Suzhou, Jiangsu, 
is a premier university in China. The University is committed to 
excellence in education, science and innovation. A major expansion 
of its research programs is underway across a broad spectrum 
of areas in mathematics, physics, chemistry, mechanical and 
electronic engineering, optical and energy engineering, material 
and computer sciences, urban planning and environmental 
science, textile engineering and design, life sciences, and 
medicine. A complete listing of open positions is available at http: 
//rsc.suda.edu.cn/zpxx.asp?type=15. 


We invite the best and brightest to join us at the Associate Professor 
and Professor levels. Successful candidates should have an advanced 
degree and an outstanding record of academic achievements and high 
quality publications in top international journals. Established principal 
investigators, leading scientists, and members of Chinese Academy 
of Science and Engineering are encouraged to apply. We provide 
competitive relocation and salary packages, generous start-up funds, 
and state-of-the-art research facilities. 


Interested individuals should send curriculum vitae, a summary 
of accomplishments, future research plans, and a list of three 
references to: Ms. Hongmei Qi, HR Dept., Soochow University, 
sdrcejl@suda.edu.cn, Tel: (86) 512-67503045, Fax: (86) 512- 
67503248, Mail Box 428, 50 Donghuan Road, Suzhou, Jiangsu 
215021, China. 
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DEPUTY DIRECTOR 
NATIONAL CENTER FOR 
ENVIRONMENTAL ASSESSMENT 
CINCINNATI, OHIO 


The U.S. Environmental Protection Agency, Office 
of Research and Development (ORD), seeks an inter- 
nationally recognized risk assessment scientist to fill 
the position of Deputy Director, National Center for 
Environmental Assessment (NCEA), Cincinnati, Ohio, 
Division (website: http: //www.epa.gov/ncea/. 

NCEA-Cincinnati conducts assessments to char- 
acterize the toxicity and related human health effects 
of high priority chemicals, develops methodologies and 
provides guidance on the assessment of the cumulative 
impact of chemical mixtures, and provides tools for eco- 
logical risk and causal assessment. 

The Deputy Division Director is a senior adviser on 
matters of science and science policy, provides recom- 
mendations, advice, and direction on risk assessment 
issues, and is responsible for the planning, organization, 
and coordination of activities within the division. 

Individuals with a strong background in risk assess- 
ment are invited to apply. This is a permanent, federal 
appointment in Cincinnati, Ohio. Citizenship restrictions 
apply. Additional information and application instruc- 
tions may be found at website: http://www.usajobs. 
gov, announcement numbers RTP-DE-2009-0137 
and RTP-MP-2009-0316 or by contacting Annette 
Gatchett, e-mail: gatchett.annette@epa.gov. Appli- 
cation deadline is June 2, 2009. 

The USEPA is an Equal Opportunity Employer. 


For many years, the Cleveland Clinic and Lerner 
Research Institute have been at the forefront of bio- 
medical research. NIH-funded POSTDOCTORAL 
POSITIONS are available in the Department of Mo- 
lecular Cardiology to investigate the molecular mech- 
anisms of thrombosis and atherosclerosis (Podrez et al., 
Nature Medicine, 2007; Valiyaveettil et al., Blood, 
2008). For more information on Dr. Podrez’s lab- 
oratory, please visit website: www.lerner.ccf.org/ 
moleccard/podrez/. Successful applicants must have 
a Ph.D. degree in molecular/cellular biology, biochem- 
istry, or a related biological science. Basic experience 
with animal models is a plus. We emphasize motiva- 
tion and productive work in a collegial environment. 
The institution has a history of offering outstanding 
benefits to its employees. 

Send a cover letter, curriculum vitae, and names of 
three to five references to: Eugene A. Podrez, M.D., 
Ph.D., The Cleveland Clinic, Department of Mo- 
lecular Cardiology, 9500 Euclid Avenue, ND50, 
Cleveland, OH 44195 or electronically to e-mail: 
podreze@ccf.org. 

Cleveland Clinic is an Equal Opportunity, Affirmative Action 
Employer. 


POSTDOCTORAL POSITIONS 
Antibody-based Therapeutics 


Highly motivated individuals with a Ph.D./M.D. and 
a strong background in molecular and cellular biology, 
including fluorescence microscopy, to work on imaging 
studies of therapeutic antibodies. Please send curriculum 
vitae and details of three references to: Dr. E. Sally Ward 
(e-mail: wardlab@utsouthwestern.edu), Department 
of Immunology, University of Texas Southwestern 
Medical Center, Dallas, TX 75390-9093. UT South- 
western is an Equal Opportunity, Affirmative Action Employer. 


POSTDOCTORAL POSITIONS are available 
in the area of mechanism-based cancer prevention 
using plant-derived compounds and molecular mech- 
anism of metal carcinogenesis in the laboratory of 
Xianglin Shi, Graduate Center for Toxicology, Uni- 
versity of Kentucky. Send curriculum vitae to e-mail: 


xianglin.shi@uky.edu. 


POSITIONS OPEN 


Maan Best 
POSTDOCTORAL/RESEARCH ASSOCIATE 
POSITION 


University of Southern California 


Postdoctoral/Research Associate Position is availa- 
ble immediately for individual with strong molecular 
biology background at the Center for Craniofacial 
Molecular Biology, University of Southern California. 
This position is supported uniquely by NIH grants and 
collaboration with the Division of Plastic and Re- 
constructive Surgery of the Keck School of Medicine 
of USC. The successful applicant will join a large, in- 
teractive multidisciplinary team of scientists in a strong 
academic environment focusing on the molecular regu- 
lation of craniofacial development. For more details, 
please visit website: http://www.usc.edu/hsc/ 
dental/ccmb (see publications under Yang Chai). 
Send resume to: 


Mark Urata, M.D., D.D.S. 
(E-mail: murata@chla.usc.edu) 
Yang Chai, D.D.S., Ph.D. 
(E-mail: ychai@usc.edu) 

Center for Craniofacial Molecular Biology 
University of Southern California 
2250 Alcazar Street, CSA 103 
Los Angeles, CA 90033 
Fax: 323-442-2981 


DIRECTOR, DIVISION OF ASTRONOMICAL 
SCIENCES 

National Science Foundation, Arlington, VA 

National Science Foundation’s Directorate for 
Mathematical and Physical Sciences (MPS) seeks can- 
didates for the position of Director, Division of Astro- 
nomical Sciences. The incumbent provides leadership 
and direction to the Division, which supports research 
in all areas of astronomy and astrophysics and related 
multidisciplinary studies. Information about the Divi- 
sion’s activities can be found at website: http://www. 
nsf.gov/mps/ast/about.jsp. 

Appointment to this Senior Executive Service posi- 
tion may be ona career basis, or on a one- to three-year 
limited term basis, with a salary range of $153,200 to 
$171,882. Alternatively, the incumbent may be as- 
signed under Intergovernmental Personnel Act (IPA) 
provisions. 

Announcement $20090063, with position re- 
quirements and application procedures, is posted on 
NSF’s Home Page at website: http://www. 
nsf.gov/about/career_opps/. Applicants may also 
obtain the announcement by contacting the Executive 
Personnel Staff at telephone: 703-292-4376 (hearing 
impaired individuals may call TDD 703-292-8044). 
Applications must be received by June 15, 2009. 

NSF is an Equal Opportunity Employer. 


MARKETPLACE 


Detect Glutathione and Cysteine 
with anti-Glutathione and 
anti-Cysteine monoclonal antibodies 


Reagents for HCV (1B and 2A) 
and HBV detection 


_ 617926 9167P | 617926 9157 F 


Immunochemical Reagents 


& Hapten Reporter Groups and Conjugates 


& Wide Selection of Conjugates: 
NP, DNP, TNP, PC Proteins & more! 


& BIOSEARCH +1.800.GENOME.1 
NCTE ANMOLTONX CUES www.btiimmuno.com 


Aduancing Nucleic Acid Technology 
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MILLIPORE 


> © © © «@ 


aaa a so 


Why go with the flow when you can leap ahead? 


Make a quantum leap with Millipore’s breakthrough portfolio 
of FlowCellect™ cytometry kits optimized to monitor stem cell 
differentiation, GPCR expression and signaling pathways. Visit 
www.millipore.com/flowcytometry to learn how these assays 
combine with the Guava® system to provide turnkey solutions. 


THE EXPERTISE OF 
ADVANCING LIFE SCIENCE TOGETHER™ CHEMICON® AND UPSTATE® 


Research. Development. Production. IS NOW PART OF MILLIPORE 


Millipore, Chemicon, and Upstate are registered trademarks of Millipore Corporation. "M" logo, "Advancing Life Science Together", and FlowCellect are trademarks of Millipore Corporation. Guava is a registered trademark of Guava Technologies, Inc. 


, L Mae | Ge | i) 
Singers Ged fined OMS — 


* Mapping your &S 
pathway to discovery, = = * 


Move beyond the boundaries of the known. Built on the solid Sigma i + 
foundation of quality and reliability, our celkbiology portfolio is backed # - 
by a universe of experience, knowledge and biological data. : 


= 16,000+ Antibodies : 4 . 


= Highly Validated Prestige Antibodies® Powered by Atlas Antibodies 
= New Precisio™ Active Human Kinases ae ’ ; ? 
= 3,000+ Bioactive Small Molecules . . 7. 


= LOPAC® Libraries of Pharmacologically Active Compounds + ‘ 
= Navigate by Gene, Disease, Tissue or Pathway via Your Favorite Gene 


¥ powered by Ingenuity @ your Favorite Gene... 7 4 . 
powered by INGEQIUIT Vale A - 
; ar Me 

* For a closer look at cell biology content you can count on visit ; 

. . 5 a. , Ea 

sigma.com/cellbiglogy i; + 
G . * ” J + ‘ 
- + 
SIBMA Our Innovation, Your Research — Shaping the Future of Life Science * 4 
Life Science Preciso is a trademark of Sigma-Aldrich Biotechnology LP and Sigma-Aldrich Co. * F & 
. LOPAC and Prestige Antibodies are registered ae Sigma-Aldrich Biotechnology LP and Sigma-Aldrich Co. + a 
a = 


= * 4 


